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Regulations for Higher Degrees: Copyright
Preamble
D is s e m in a t io n  o f k n o w le d g e  i s  one  of th e  o b je c ts  of th e  U n iv e r s i ty .  T h e r e f o r e  
M e m b e r s  o f th e  U n iv e r s i ty  a n d  o th e r s  w ho s u b m it  t h e s e s / d i s s e r t a t i o n s  f o r  
h ig h e r  d e g r e e s  a r e  e x p e c te d  to  r e l i n q u i s h  to  th e  U n iv e r s i ty  c e r t a i n  r i g h t s  of 
r e p r o d u c t io n  a n d  d i s t r ib u t io n .
M o r e o v e r  i t  i s  r e c o g n i s e d  th a t  a p p l ic a n ts  ow e a  d u ty  to  t h e i r  D e p a r tm e n ts  of 
s tu d y , th e  A c a d e m ic  S ta ff  a n d  s p o n s o r in g  b o d ie s  f o r  t h e i r  r e s p e c t iv e  c o n t r ib u ­
t io n s  to  th e  r e s e a r c h .  W ith in  th e  l i m i t s  o f th e s e  r e q u i r e m e n t s ,  th e  a u t h o r ’s  
c o p y r ig h t  i s  s a f e g u a r d e d .
Regulations
1. W h e n  s u b m it t in g  a  t h e s i s / d i s s e r t a t i o n  f o r  th e  p u r p o s e s  of a  h ig h e r  
d e g r e e  th e  a p p l ic a n t  s h a l l  s ig n  a n  i r r e v o c a b le  a u th o r i ty  in  p r e s c r i b e d  
f o r m  a p p o in tin g  th e  L i b r a r i a n  h is  a t to r n e y  w ith  th e  r i g h t  to  r e p r o d u c e  
th e  t h e s i s / d i s s e r t a t i o n  b y  p h o to c o p y  o r  in  m ic r o f i lm  a n d  to  d i s t r i b u te  
c o p ie s  to  th o s e  in s t i tu t io n s  o r  p e r s o n s  w ho  in  th e  L i b r a r i a n ’s  o p in io n  
r e q u i r e  th e m  f o r  a c a d e m ic  (as  d i s t i n c t  f r o m  c o m m e r c ia l )  p u r p o s e s .
2 . T h e  L i b r a r i a n  in  c o n s u l ta t io n  w ith  th e  a p p r o p r i a t e  D e p a r tm e n t  o f s tu d y  
o r  s p o n s o r in g  b o d y  s h a l l  h a v e  th e  r i g h t  to  r e f u s e  to  p r o v id e  c o p ie s ,  o r  
to  im p o s e  s u c h  c o n d i t io n s  a s  h e  th in k s  f i t  o n  th e  p r o v i s io n  o f c o p ie s ,  
w ith  th e  o b je c t  o f s a f e g u a r d in g  th e  a p p l i c a n t ’s  c o p y r ig h t  a n d  th e  i n t e r e s t s  
o f th e  U n iv e r s i ty  a n d  th e  s p o n s o r in g  b o d y .
3 . T h e s e  R e g u la t io n s  a r e  s u b je c t  to  r e q u i r e m e n t s  of a n y  b o d y  u n d e r  w h o se  
s p o n s o r s h ip  th e  r e s e a r c h  p r o j e c t  g iv in g  r i s e  to  th e  t h e s i s / d i s s e r t a t i o n  
i s  c a r r i e d  on .
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This thes is  is  concerned mainly w ith  h yp e rve n tila tio n  as i t  a ffe c ts  
a irc rew , A l i te ra tu re  survey has been ca rried  out on the causes and 
e ffe c ts  o f h yp e rve n tila tio n  and on i t s  in v e s tig a tio n  and incidence in  
f l i g h t ,
Measurements o f end t id a l  carbon d iox ide  tensions (P^CC^) were ma<^ e 
during an anxie ty-provoking experimental procedure, These measurements 
confirmed th a t anx ie ty  can cause h yp e rve n tila tio n  to  such a le v e l th a t 
the im position  of other stresses found in  the f l i g h t  environment could 
be expected to 'cause a performance decrement.
Present methods fo r  studying the incidence of h yp e rve n tila tio n  in  
f l i g h t  are u n sa tis fa c to ry  fo r  various reasons, An attempt was made to 
develop a simple te s t fo r  h yp e rve n tila tio n  based on a rebreath ing estimate 
o f mixed venous carbon dioxl.de tension. However , examination o f the 
re s u lts  and a fu r th e r examination o f the basic physiology revealed th a t 
the procedure was u n lik e ly  to  be f r u i t f u l .
Further experiments were ca rried  out to  study the e ffe c ts  o f 
h yp e rve n tila tio n  on various re s p ira to ry  va riab les and on the time course 
o f the subsequent recovery. I t  was found th a t the carbon d iox ide  cost 
o f h yp e rve n tila tio n  was more than th a t found by other in v e s tig a to rs , 
although estimates o f other re s p ira to ry  va riab les agreed w ith  those 
found by fu r th e r  authors in  s im ila r  circumstances; the possib le  reasons 
fo r  th is  are discussed.
Studies o f psychomotor performance ca rried  out a t the same time 
fa ile d  to  demonstrate a consis ten t decrement in  performance w ith  
hypocapnia. Further experiments were ca rried  out which suggest th a t 
the p rev ious ly  reported decrements in  psychomotor performance during 
hypocapnia are re la te d  more to  decrements in  motor performance than to 
decrements in  in te lle c tu a l performance.
F in a lly ,  suggestions are made fo r  fu r th e r work to  be ca rried  out 
in  the same f ie ld .
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INTRODUCTION
The term "h y p e rv e n tila tio n ”  is  nowadays genera lly  taken to  mean 
pulmonary v e n t i la t io n  greater than th a t necessary to m ainta in  carbon 
d iox ide  tensions in  the body a t the normal values. Thus, when hyper­
v e n t i la t io n  occurs, carbon d iox ide  le ve ls  in  the body f a l l .  The term 
"acapnia" was coined by Mosso (1898) from the Greek words meaning "w ithou t 
smoke". Since then, the term acapnia has been commonly replaced by the 
more pedantic term "hypocapnia". I f  carbon d iox ide  le ve ls  are not allowed 
to  f a l l  in  the body during overbreath ing, then "hyperpnoea" is  a more 
appropria te  term to  use, However, fo r  ease o f use and to  avoid am biguity, 
the term hypervent i la t io x i is  q u a lif ie d  in  the fo llo w in g  2 ways in  th is  
th e s is ;
1, When carbon d iox ide  is  allowed to  wash out o f the body during 
h y p e rve n tila tio n , the term "hypocapnic h yp e rve n tila tio n " is  used,
2, When carbon d iox ide  is  added to  the in s p ira te  in  s u f f ic ie n t  
q u a n tit ie s  during h yp e rve n tila tio n  to prevent the washout o f carbon 
d iox ide  from the body, the term "normocapnic h y p e rv e n tila tio n " is  used.
The abbrevia tions used throughout th is  thes is  are based on those suggested 
by Pappenheimer (1950) and are l is te d  at the end of th is  in tro d u c tio n .
I t  would be too much to  accuse Percy Bysshe Shelley (1821) of 
knowledge o f the e ffe c ts  o f h y p e rve n tila tio n , but h is  words
" I  pant, 1 s ink , I  trem ble, 1 exp ire"
c o n s titu te  a f a i r l y  succinct case h is to ry  o f h yp e rve n tila tio n . In  
S he lleyTs case, the panting was caused by an unrequited passion fo r  a 
young lady, Other more usual causes of h yp e rve n tila tio n  and some causes, 
less usual but s ig n if ic a n t in  a v ia t io n , are reviewed in  Chapter 1,
Chapter 2 reviews the e ffe c ts  o f h yp e rve n tila tio n  on man and Chapter 3 
reviews the attempts th a t have been made to  study h yp e rve n tila tio n  in  
f l i g h t .
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I t  became apparent during the study of the causes o f h yp e rve n tila tio n  
th a t anx ie ty  was commonly accepted as causing h yp e rv e n tila tio n . Work 
had been performed on re s p ira to ry  ra te  and the depth o f breath ing during 
psycho log ica lly  s tre s s fu l s itu a tio n s  but no confirm atory measurements 
o f the e ffe c t on carbon d iox ide tensions had been ca rried  ou t. I t  was 
the re fo re  impossible to s ta te  how much o f the psychomotor performance 
decrement seen during psychological stress resu lted  from the e ffe c ts  o f 
h yp e rve n tila tio n . The experiment described in  Chapter 4 was the re fo re  
designed in  an attempt to  measure the e ffe c ts  on exPosure to
a psycho log ica lly  s tre s s fu l s itu a tio n .
I t  was al'so apparent from the chapter on h yp e rve n tila tio n  in  f l i g h t  
th a t the methods o f in ve s tig a tin g  the incidence o f in - f l ig h t  hyper­
v e n t i la t io n  were u n sa tis fa c to ry , A simple te s t based on a rebreath ing 
estimate o f mixed venous carbon d iox ide  tension was the re fo re  evaluated 
in  the labo ra to ry , and is  reported in  Chapter 5, A ca re fu l series o f 
measurements o f other re s p ira to ry  va riab les  during normocapnic and 
hypocapnic h yp e rve n tila tio n  was ca rried  out in  order to  de fine  fu r th e r 
what was happening to  the body during h yp e rve n tila tio n , These experiments 
are described in  Chapters 6 and 7,
The work of Rahn et a l Cl946} on the e ffe c ts  o f h yp e rve n tila tio n  on 
perceptual motor performance has been accepted as d e f in i t iv e  fo r  many 
years. However, the te s ts  used then, and the co n tro l over re s p ira to ry  
fu nc tion  during the experiments, seem crude in  the l ig h t  o f modern methods. 
The experiment described in  Chapter 8 is  an examination o f the e ffe c t o f 
h yp e rve n tila tio n  on the performance o f a sophistica ted  perceptual motor 
task . Since i t  seemed l ik e ly  th a t the re s u lts  o f Rahn et a l 0-946) were 
coloured by carpopedal spasm in te r fe r in g  w ith  the performance o f the tasks, 
an examination o f the e ffe c t o f graded hypocapnia on the performance o f 
5 tasks (ranging from m ainly motor to  mainly in te lle c tu a l in  nature) was 
ca rried  out and is  reported in  Chapter 9,
In  an attempt to keep the re levan t arguments near to  the data being 
discussed, each chapter is  prefaced by i t s  own in tro d u c tio n  and fin is h e s  
w ith  i t s  own discussion section ,
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LIST OF SYMBOLS USED (A fte r Pappenheimer, 1950)
1. General V ariab les,
2 .
3.
a , V Gas volume in  general.
b . P Gas pressure in  general.
c . Q Blood volume.
d . f R esp ira tory frequency -  breaths/m in.
e. R R espira tory exchange ra t io .
f . D D iffu s in g  capacity  in  general -  volum e/unit t im e /u n it
pressure d iffe re n ce ,
S* F F ra c tio n a l concentra tion .
Q ua lify ing  Symbols -  U sually as a "S u b -fix " ,
a , I Insp ired  gas, as in  P^CC^.
b . E Expired gas,
c . A A lveo la r gas,
d . T T id a l gas, as in  VT or PETC02 ,
e, D Dead space, as in  V„.
£• B Barometric, as in  Pg»
g. b Blood in  genera l,
h . a A r te r ia l  blood,
i , V Venous blood.
j . t T issue, as in  P , 0 o , t  2
k. L Lung, as in  Dgc° ,
Special Symbols and Abbrevia tions,
a, X A bar above any symbol ind ica tes  a mean va lue, A
specia l example is  PgC02 -  mixed expired PC02 ,
b, 9X A dot above any symbol denotes a time d e r iv a tiv e , as
in  Q (cardiac output) or V„ (minute expired volume),JuJ
C 9 s The slope o f the C02 d isso c ia tio n  curve.
d. SD The standard d e v ia tion  o f the mean.
e. se The standard e rro r o f the mean.
f , CBF Cerebral blood flo w .
9.
g» STPD Standard temperature, pressure, dry (0°C, 760 mm Hg) ,
BTPS Body temperature, pressure, saturated w ith  water,
ATPD Ambient TPD,
ATPS Ambient TPS,
h, A A d iffe re n ce  between 2 parameters or a change in  one,
fo r  examples
Cl) APg^gC ^ represents the d iffe re n ce  between 
?ETC°2 awd ■PEC02'
(2) AVCO2 represents the change in  V C ^,
1 * in  wg inches water gauge.
Notes on Mass Spectrometers
The mass spectrometers used in  the experiments reported here 
were the AEI MS4, the Centronics and the SRI MS8 machines. The 
r is e  time o f these mass spectrometers is  o f the order o f 50 ms fo r  
dry gases and up to  1.5s fo r  water vapour. The mass spectrometers 
have an accuracy and re p ro d u c ib il ity  o f b e tte r than 0.5 mm Hg over 
the lim ite d  scale used. In  a P C0o o f 40 mm Hg, th is  represents
E ll Z
a possib le  e rro r o f 1.2%. The output s igna l from the mass spectrometers 
was fed through a m p lifie rs  to the inpu t o f a d ire c t w r it in g ,  ho t~sty lus 
pen recorder. C a lib ra tio n  gases were made by m ixing compressed gases 
in  storage cy linde rs  a t 1,800 Lb/sq in ; the gases were analysed by 
Lloyd-Haldane apparatus before being used.
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CHAPTER 1
To understand the causes o f h yp e rve n tila tio n , i t  is  necessary to 
have a knowledge o f the normal, homeostatic mechanisms involved in  
v e n t i la t io n , because overbreathing i t s e l f  con tribu tes to  the homeostasis 
o f the organism. I t  the re fo re  fo llow s tha t amongst the causes o f 
h yp e rve n tila tio n  are normal, p h ys io lo g ica l s t im u li.  In  a d d itio n , 
h yp e rve n tila tio n  in  man can be stim ula ted by disease sta tes and by 
several common, and several less common, stresses.
The study o f the ae tio logy o f h yp e rve n tila tio n  is  a complex and 
sometimes co n tro ve rs ia l sub jec t. In  an attempt to acquire a semblance 
o f order, the fa c to rs  causing h yp e rve n tila tio n  have been c la s s if ie d , 
somewhat a r b i t r a r i ly ,  under the fo llo w in g  4 headings:
1, Homeostatic and environmental s t im u li.
2, Psychological s t im u li,
3, Pharmacological s t im u li,
4, P a tho log ica l s t im u li.
I t  is  acknowledged th a t the headings and many o f the fac to rs  considered 
under each heading are fre q u en tly  in te r - re la te d , and th a t some fac to rs  
can be considered under several headings. For example, hypoxia can act 
as a homeostatic, an environmental and as a pa tho log ica l stim ulus to 
re s p ira tio n , In  a d d itio n , each o f the 4 headings alone represents 
a large f ie ld  o f research; th is  review o f the l i te ra tu re  the re fo re  is  
necessa rily  concise and incomplete,
' HOMEOSTATIC AND ^ENVIRONMENTAL STIMULI TO RESPIRATION
THE CAUSES OF HYPERVENTILATION - A REVIEW OF THE LITERATURE
Hypoxia, PflUger (1868) was the f i r s t  to demonstrate th a t hypoxia 
and hypercapnia could s tim u la te  b rea th ing . Ten years la te r ,  Bert (1878)
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showed by varying P^ , and P0o independently tha t i t  was the P0o th a t wasD Z Z
the fa c to r in  the hypoxic d rive  to re s p ira tio n . Haldane & P r ie s tle y
(1905) took th is  one stage fu r th e r  by re po rting  the s e n s it iv i ty  o f
b reath ing to  small changes in  p^°2* Haldane e t a l (1919) noted
increased breath ing frequency and t id a l  volume and a reduced P^C0^ in
subjects acute ly exposed to  simulated a lt itu d e s  in  a decompression chamber.
They noted a lowest P.CO value o f 19.'8 mm Hg in  one sub ject s h o rtly  a f te rA Z
acute exposure to  25,000 f t ;  they noticed also th a t the recovered
on re tu rn  to ground le v e l.  This work was extended by, amongst o thers, 
Dripps & Comroe (1947) who showed th a t some subjects increased th e ir  
re s p ira tio n  s l ig h t ly  when breath ing a gas m ixture .containing 18% 0^, a l l  
subjects d id  so when breath ing  16% 0^ and the e ffe c t was most marked a t 
10% 0^ and below. Denison e t a l (1976a) found a s ig n if ic a n t hyper­
v e n t i la t io n  in  subjects exposed to  a simulated a lt itu d e  o f 8,000 f t  in  a 
decompression chamber (approximately equiva lent to breath ing  a 16% 0., 
m ixture) over several hours. Gray (1950) suggested th a t the hypoxia 
stim ulus measured in  th is  way was a net s tim ulus, and th a t the re s u lta n t 
hypocapnia removed the normal CO^  stim ulus to  re s p ira tio n . I t  should also 
be remembered th a t a r te r ia l  hypocapnia increases the haemoglobin a f f in i t y  
fo r  O^CBohr et al,1904) thus making less oxygen a va ilab le  to  the tissues . 
Using normocapnic techniques th e re fo re , Weil e t a l (1970) demonstrated 
th a t v e n t i la t io n  in  man was re la ted  l in e a r ly  to  a r te r ia l  oxygen content.
A w ide ly accepted (s im p lif ie d )  view (e .g . Kellogg, 1964 and Cunningham, 
1974) o f the mediation o f the hypoxic stim ulus to re s p ira tio n  is  th a t low 
Pa02 d ire c t ly  stim ula tes the p e riphe ra l chemoreceptors in  the a o r t ic  and 
ca ro tid  bodies; these bodies then ra d ia te  nerve impulses through the ■ 
glossopharyngeal and vagus nerves to the re sp ira to ry  centre in  the medulla 
oblongata. There is  a t present no evidence th a t the chemoreceptor-like 
s truc tu res  elsewhere in  the body o f some mammals (such as the ra t)  p lay any 
p a rt in  the response o f the re s p ira to ry  centre to  hypoxia (Howe, personal 
communication),
Hypercapnia, As noted above, PflUger (1868) demonstrated th a t CO^  could 
s tim u la te  b rea th ing , Miescher-Rllsch (1885) showed th a t the e ffe c t was 
greater than th a t re s u lt in g  from the removal o f an equimolar amount o f 0^. 
There is  general agreement (Kellogg, 1964) tha t over a large range o f
spontaneous v e n t i la t io n  is  almost l in e a r ly  re la te d  to  I t
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should be noted, however, th a t the im position  o f h yp e rve n tila tio n  reduces
PXCL which l im its  the magnitude of the increase in  V „ . In  a d d itio n , 
c i Z Ej
the re s u lts  o f Cormack e t a l (1957) showed th a t hypercapnia and hypoxia
do not provoke a d d itive  increases in  re s p ira tio n , and th a t the le v e l o f
one a ffec ted  the consequences o f changing the o the r. Furthermore,
Lambertsen (1960) showed th a t hypercapnia was a more potent re s p ira to ry
s tim u lan t than hypoxia; he obtained a doubling o f re s p ira tio n  by e ith e r
a 5 mm Hg increase in  or by a 50 mm Hg decrease in  P ^ ^  watfr°u t 60^
being added to prevent hypocapnia. An in te re s tin g  addendum to the study
o f the ro le  o f hypercapnia and hypoxia as re s p ira to ry  stim u lan ts  was
revealed by Fowler (1954). He showed tha t breath ho ld ing  time (norm ally
considered to,.be re la ted  to  P 0o ( H i l l  & F lack, 1908) and P C0o (Kloclce &a z a z
Rahn, 1959) le ve ls ) could be extended by a llow ing , whenever the sub ject
f e l t  he could hold h is  breath no longer, successive rebreath ings o f a
m ixture low in  oxygen and h igh in  carbon d iox ide . This suggests th a t
fa c to rs  o ther than P 0o and P C0o must p lay a pa rt in  determ ining thea z a  z
end-point o f breath ho ld ing .
Hydrogen Ion C oncentration. Laqueur & Verzdr (1911) sta ted th a t 
carbonic acid was a g reater re s p ira to ry  s tim u lan t than other ac ids. This 
can be explained by examining more recent work on the sub jec t. Gray (1950) 
suggested th a t v e n t i la t io n  should increase in  d ire c t p ropo rtion  to 
a r te r ia l  hydrogen ion concentra tion  ( (Ha)) a t a constant PaC02, and in  
d ire c t p ropo rtion  to  P C09 a t a constant {H+}. Cunningham e t a l (1959)a Z 3l
and Domizi e t a l (1959) amongst others confirmed th is  in te r - re la t io n s h ip .
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The increased {H ) moves the lin e  p lo t t in g  v e n t i la t io n  against P C0o to  a a z
the l e f t  w ithou t a change in  g rad ien t. Lambertsen e t a l (1961) found in
* '"J"man th a t ho ld ing  {H } le v e l removed 40% o f the re s p ira tio n  response toa
C09 , The statement o f Laqueur & Verzdr can now be explained as fo llo w s .
.  • 4When carbonic acid is  given to a sub ject, both P C09 and {H } r is e ,  and9* /  d> ^
both s tim u la te  re s p ira tio n ; when other acids are adm inistered, the {H }a
r ise s  s tim u la tin g  re s p ira tio n  which causes a f a l l  in  P C0o which there fo rea z
reduces the o v e ra ll stim ulus to re s p ira tio n  (Kellogg, 1964).
E xerc ise . Dejours (1964), review ing the l i te r a tu r e ,  id e n t if ie d  4 fa c to rs  
th a t in fluenced the e ffe c t o f exercise on re s p ira tio n . These fac to rs
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are as follows:
1. The in te n s ity  o f the exerc ise.
2. The type o f exerc ise . For example, fo r  exercises producing
the same arm exercise produces a greater than leg exerc ise .
3. The phase o f the exerc ise .
4. The environmental cond itions .
The fac to rs  im plica ted  over the years in  the production o f the hyperpnoea 
o f exercise f a l l  roughly in to  the categories o f humoral, neurogenic and 
neurohumoral. Among the humoral fa c to rs  suggested were CO^  production 
(Haldane & P r ie s t le y , 1905), pH (W in te rs te in , 1911), lack of oxygen and
cl
a lowering o f the threshold o f the re sp ira to ry  centre to  CO^  (Bannister 
e t a l,  1954) and ce n tra l hyperthermia (Cotes, 1955). In  a d d itio n  to  the 
knowledge th a t the v e n t i la t io n  can be changed by w i l l  (Krogh & L inhard,
1913), or by conditioned re f le x ,  other neural mechanisms have been 
suggested. Kao (1963) postu la ted the existance o f muscle "ergoreceptors" 
and Ramsay (1959) suggested the p o s s ib i l i ty  o f muscle metaboreceptors. 
Harrison e t a l (1932) and Dejours (1959) showed th a t passive limb motion 
.in  man caused a re f le x  increase in  v e n t i la t io n . Comroe & Schmidt (1943) 
showed th a t th is  response was not m odified by in te r fe r in g  w ith  the 
c irc u la t io n  to  the limbs but tha t i t  was abolished by sp ina l anaesthesia; 
they suggested th a t the proprioceptors could be invo lved. In  a d d itio n  
to  demonstrating the increased v e n t i la t io n  to  passive limb movement,
Harrison e t a l  (1932) obtained the same e ffe c t by increas ing  the pressure 
in  the vena cava in  a dog. The s ite  o f action  fo r  the humoral s t im u li 
in  exercise is  the a r te r ia l  chemoreceptors (Comroe, 1939; Dawes & Comroe, 
1954; and Dejours e t a l ,  1955), However, i t  is  apparent th a t the release 
o f catecholamines must p lay some p a rt in  the production of the hyperpnoea 
o f exerc ise . In je c tio n  of adrenaline and noradrenaline a t re s t cause an 
increase o f re s p ira tio n  (Whelan & Young, 1953), For example, w ith  
c o n tro lle d , an in fu s io n  of 3 pg/min o f adrenaline and 9 pg/min o f nor­
adrenaline (equ iva len t to  the output in  heavy exercise) causes an increase 
in  v e n t i la t io n  o f 10 L/m in (B a rc ro ft e t a l,  1957; Labrousse & Raynaud, 1959).
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However, Paulet e t a l (1972) found th a t in fu s io n  o f adrenaline in  the dog 
• +in  greater concentrations caused a r is e  in  {H } and they suggested th a t
Si
th is  was the mechanism. Asmussen & N ielsen (1946) s ta ted tha t the 
p ropriocep tive  stim ulus was the main fa c to r c o n tro ll in g  v e n t i la t io n  in  
l ig h t  exercise . During heavier work, the a r te r ia l  chemoreceptors would 
be s tim ula ted by the products o f metabolism o f p a r t ly  anaerob ica lly  
m etaboliz ing muscles. Comroe (1944) and Schmidt (1956) emphasize th a t 
exercise hyperpnoea is  co n tro lle d  by both neurogenic and humoral s t im u li .
Gender and Pregnancy. F itzg e ra ld  & Haldane(1905) noted th a t the PAC0o " A Z
values of women were 3 to 4 mm Hg lower than those o f men. Loeschclce 
(1950) noted a lowering o f P^CC  ^ during bhe lu te a l phase of the menstrual 
cyc le . England & Farh i (1976) confirmed the f a l l  in  P^CO  ^ and plasma 
bicarbonate during the lu te a l phase o f the menstrual cyc le , and sta ted th a t 
the size o f the fa l ls  im plied a loss o f 10% o f the la b i le  CO^  stores o f 
the body, DBring & Loeschcke (1947) and Loeschcke (1949) had already 
reported a 5 to 10 mm Hg f a l l  in  PAC°2 during pregnancy although th is  had 
been reported by, amongst o thers, Hasselbalch (1912). Boutourline-Young 
& Boutourline-Young (1956) found th a t the P^CO  ^ in  pregnant women f e l l  to  
30 to  32 mm Hg by the end of the second tr im e s te r. They co rre la ted  a 
fu r th e r  f a l l  in  P^CO  ^ during labour to the "adequacy o f the d ie t "  a t the 
time, Hellegers e t a l (1961) fo llowed th is  work by a study o f non-pregnant 
and pregnant women a t an a lt itu d e  o f 14,500 f t .  The mean P.C09 fo r  theA Z
non-pregnant, women was 27.9 ± 0.4 (SD) mm Hg and fo r  the pregnant women 
was 22,9 ± 0,6 mm Hg; th is  compared to a value o f 29.1 mm Hg fo r  young men 
a t 14,900 f t  found by Hurtado e t a l (1956), This e ffe c t was postu la ted 
to be due to the e ffe c t o f hormones and w i l l  be discussed la te r .
R esp ira tory Stresses. H a ll (1952) reported 43 cases o f h yp e rve n tila tio n  
in  695 exposures o f subjects to  a simulated a lt itu d e  o f 43,000 f t  in  a 
decompression chamber w hile  pressure breathing 100% oxygen a t a le v e l of 
10 in  w.g, (5 mm Hg, 0.65 kPa). E rnsting (1966) showed s ig n if ic a n t 
increases in  pulmonary v e n t i la t io n  in  subjects pressure breath ing a t 30 
mm Hg w ithou t counterpressure, and a t 60 and §0 mm Hg pressure b reath ing  
w ith  trunk counterpressure. These 3 conditions gave r is e  to  mean P^CO  ^
values o f 28, 35 and 32 mm Hg re sp e c tive ly . In  o ther words, the f a l l  o f
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P^CO  ^ a r is in g  from exposure to  pressure breath ing can be reduced by the 
a p p lica tio n  o f counterpressure. In  an examination o f another type of 
re sp ira to ry  s tress , E rnsting  (1965) stated th a t there was l i t t l e  doubt 
tha t an increase in  res istance to  re s p ira tio n  could cause h yp e rve n tila tio n  
in  susceptib le  sub jects. The usual reac tion , however, is  CO^  re te n tio n  
as a re s u lt o f hyp ove n tila tio n  (E rnsting , 1959). Sharp (1970) reported 
an increase o f minute volume and a f a l l  o f P^CO  ^ in  re s tin g  subjects who 
had a s inuso ida l v ib ra t io n  o f 10 Hz applied to  the re s p ira to ry  t r a c t .
The f a l l  in  P^O^ was less a t 20 Hz and absent a t 30 Hz. Culver & Rahn
(1952) s tim ula ted re s p ira tio n  in  anaesthetized dogs by chest compression 
obtained by negative pressure b reath ing . The stress o f t ig h t  b ind ing  of 
the chest was reported to cause h yp e rve n tila tio n  by M c llro y  e t a l (1962).
The normal lowering of the P^C^ when the subject changes from the supine 
to the erect p o s it io n  (Rahn & Ament, 1955; Rahn e t a l,  1956) is  re la ted  
to  changes in  V^/Q re la tio n s h ip  due to  the lowering o f the diaphragm and 
abdominal v iscera  reported by Wade & Gilson (1951).
Other'Environmental S tresses. V ib ra tio n  (E rnsting , 1961) increases 
pulmonary v e n t i la t io n . The increase is  la rg e ly  due to  increases in  VT; 
f  is  very va ria b le  in  v ib ra t io n . During prolonged, steady v ib ra t io n , 
the h yp e rve n tila tio n  is  greatest a t the beginning and s te a d ily  f a l ls .  
E rnsting  a lso found P C0o leve ls  o f less than 25 ram Hg a fte r  2 min o f
cL Z
v ib ra t io n  a t lg  acce le ra tion-am plitude a t 9.5 cyc le s /s . Dixon e t a l (1961) 
also produced hypocapnia ( a f a l l  in  P^ c°2  o f up to 8 mm Hg) in  subjects 
o s c illa te d  in  s inuso ida l v e r t ic a l v ib ra t io n  a t 0.5 -  0.8 cyc les /s .
Possible co n tr ib u to ry  fac to rs  suggested have been the superim position of 
o s c il la t io n s  on the re s p ira to ry  flow  a t the fo rc in g  frequency, the stress 
o f phys ica l d iscom fort, the m etabolic demands o f pos tu ra l muscle a c t iv i t y ,  
la b y rin th in e  s tim u la tio n  and widespread v ib ra to ry  s tim u la tio n  o f 
deformation receptors inc lu d ing  those in  the lung (Guignard, 1965).
Stepanov e t a l (1973) found a s l ig h t  f a l l  in  P^CO  ^ in  "suscep tib le ” 
subjects exposed to  the C o r io lis  e f fe c t .  F luc tua tions o f re s p ira to ry  
ra te  of subjects exposed to noise was reported by Lehmann & Tamm (1956) 
but no evidence o f h yp e rve n tila tio n  was adduced. Exposure to hot 
environments has fre q u en tly  been shown to  cause h y p e rv e n tila t io n , fo r  
example by Saxton (1975), The mechanism fo r  th is  was shown by Bernthal 
& Weeks (1939) who showed an increase in  re s p ira tio n  due to the warming
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of the blood passing through the ca ro tid  bodies. Golden & Hervey (1972)
recorded marked h yp e rve n tila tio n  and tetany in  subjects immersed in  water
a t 9°C. Cooper e t a l (1976) found a rap id  f a l l  in  P C0o of subjectsJil 4
immersed in  cold water. The lowest mean P_,rpC0o during immersion a t£j 1 Z
10 C was 27 mm Hg, although one subject a fte r  pre-exposure to a ir  a t 
between 16 and 22°C had a P C0o as low as 15 mm Hg.hiL Z
PSYCHOLOGICAL STIMULI TO RESPIRATION
Darwin (1839) was one of the f i r s t  to comment on psycholog ica l
overlay on other s t im u li when he noticed th a t, a t 13,000 f t  in  the Andes,
h is  "deep and labo rious” re s p ira tio n  improved when he found some fo s s i l
she lls  on the h ighest r idge . W illiam s & Kane (1964) found th a t when
subjects lis ten e d  to simulated breath sounds, they increased th e ir
breath ing ra te  to  coincide w ith  the simulated sounds; during th is  procedure
there was a f a l l  in  P CO of 8 mm Hg from co n tro l le v e ls . Kerr e t a lhi Z
(1937), Engel e t a l (1947), Lewis (1957) and Pannier e t a l (1971b) s ta te
tha t, most h yp e rve n tila tio n  seen c l in ic a l ly  is  psychogenic in  o r ig in .
Engel e t a l id e n t ify  te r ro r ,  extreme anger, pain or intense emotion in
healthy in d iv id u a ls  as potent causes o f h y p e rv e n tila tio n . Cannon (1929)
proposed th a t th is  h yp e rve n tila tio n  prepares the body fo r  a " f ig h t  or
f l i g h t "  response, Engel and h is  colleagues and Goff & Gaensler (1969)
also id e n t ify  anx ie ty  in  neuro tic  in d iv id u a ls  as a cause o f h y p e rv e n tila tio n .
They s ta te  th a t h yp e rve n tila tio n  can also occur as a h y s te r ic a l conversion
symptom, when the h yp e rve n tila tio n  manifests an emotional tension in  a
more symbolic way, or as an expression of a repressed emotion such as
h o s t i l i t y  or the desire  fo r  sexual in te rcou rse . They reported th a t a l l
the grand mal a ttacks they had seen during h yp e rve n tila tio n  were
"h y s te r ic a l” a ttacks, Gliebe & Auerback (1944) say th a t when a person
is  confronted by a s itu a tio n  in  which he is  inadequate, i f  he
has had previous experience o f such inadequacy, he w i l l  overbreathe.
Few authors have studied the psycholog ica l aspects o f v e n t i la t io n  in»
normal subjects by measuring or Vg* Haward (1955) measured P^C02
and F inesinger (1944) measured spirographic. trac ings  but both of these 
studies were in  neu ro tic  p a tie n ts , Meyer-Delius e t a l (1969) showed th a t 
re s p ira to ry  ra te  changed in  accordance w ith  the degree o f v ig ila n c e ; 
however, N orris  (1964) found th a t re s p ira to ry  ra te  alone was inadequate 
in fo rm ation  on which to diagnose h yp e rve n tila tio n , Grossberg & Wilson
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(1968) emphasize th a t normal subjects can vary from having a very low fear 
le v e l to having a very high fe a r le v e l. When a sub jec t, who is  powerless 
to  ac t, is  exposed to  a stress s itu a tio n  there is  a very nearly  lin e a r 
re la tio n s h ip  between adrenaline release and sub jective  grading o f the 
stress (Franlcenhauser e t a l ,  1962). Patkai (1974) sta tes th a t in  low to 
moderate arousal s ta te s , subjects w ith  high adrenaline secre tion  give 
b e tte r  performance than subjects w ith .a  low adrenaline secre tion . However,
th is  re la tio n s h ip  between adrenaline release and behavioural e ff ic ie n c y  
is  reversed under cond itions o f h igh s tim u la tio n  (P a tka i, 1971). We have
already seen th a t catecholamine release causes h yp e rve n tila tio n . Therefore
in  a d d itio n  to  neural s tim u la tio n  from the h igher centres and conditioned 
re fle x e s , catecholamine release plays some p a rt in  the production o f 
psychogenic h y p e rv e n tila tio n .
PHARMACOLOGICAL STIMULI TO RESPIRATION
Lambertsen (1964) reports th a t most work in  th is  f ie ld  has been 
ca rrie d  out on the e ffe c t o f drugs on the re s p ira to ry  response to CO^  and 
not on the d ire c t e ffe c t on re s p ira tio n . The major groups o f drugs 
causing h yp e rve n tila tio n  are s a lic y la te s , hormones and catecholamines.
Other drugs such as analep tics and xanthines can also s tim u la te  re s p ira tio n . 
The e ffe c t o f catecholamines on re s p ira tio n  has already been considered.
The most im portant group o f drugs to cause h yp e rve n tila tio n  in  the rapeu tic  
doses is  the s a lic y la te s ,
Tenney & M il le r  (1955) studied the action  o f the s a lic y la te s  in  man 
and dog. In  man, 2 G o f intravenous sodium s a lic y la te  reduced mean Pg^CO  ^
from a co n tro l le v e l o f 40,9 ± 2,3 (SD) mm Hg to  38,7 ± 3,6 mm Hg, Oral 
ad m in is tra tion  o f the drug fo r  2 days a t 3 G/day gave a Pg^CO^ value of 
36,4 ± 2,5 ram Hg on the th ird  day. They concluded th a t s a lic y la te s  had 
a d ire c t re s p ira to ry  s tim u lan t e ffe c t on the medulla; th is  e ffe c t they 
found to be independent o f the pe riphe ra l chemoreceptors. They also found 
th a t the drug was a metabolic s tim u lan t and th a t i t  increased the s e n s it iv ity  
o f the re s p ira to ry  centre to CO^,
The adm in is tra tion  o f progesterone causes an increase o f v e n t i la t io n  
w ith  a consequent f a l l  in  PAC02 (Loeschcke, 1954). This e ffe c t was found,
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in  male sub jects, to  be prolonged by the concurrent adm in is tra tion  o f 
oestrogen (Goodland e t a l,  1953) although the oestrogen appeared to  
counteract the e le va tion  o f core temperature th a t occurred w ith  the 
progesterone.
Ourednik & Daum (1964) reported increases in  V^ , in  pa tien ts  in je c te d  
w ith  the drugs shown in  Table 1.
Table 1
Drug Induced Increase in  (From Ourednik & Daum, 1964)
Drug % Increase in  V„JCj Time o f Maximum 
S tim u la tion  (min)
Placebo 5 5
Nikethamide 375 mg 9 5
Caffeine 200 mg 13 5
Crotethamide/ 225 mg
Cropropamide 225 mg 18 5
Aminophy11ine 240 mg 17 4 ■
D im efline 8 mg 19 6
The e ffe c t o f am inophylline and d im efline  lasted w e ll over  ^hour, of
ca ffe ine  over 20 min, w h ile  the e ffe c ts  o f the others lasted  ju s t  10 min.
The increased v e n t i la t io n  was associated w ith  a lowered PAC0rt.A 2
F in a lly ,  as was seen e a r l ie r ,  the ingestion  o f any drug th a t w i l l
increase the a r te r ia l  le v e l o f hydrogen ions or P C0o w i l l  increasea z
v e n t i la t io n ; an example o f th is  is  ammonium ch lo rid e .
' PATHOLOGICAL STIMULI TO RESPIRATION
In  a d d itio n  to  the h yp e rve n tila tio n  syndrome, increased v e n t i la t io n  
is  seen in  many disease sta tes and is  even used by doctors to  reduce the 
unwanted e ffe c ts  o f other co n d itio n s . The h yp e rve n tila tio n  in  many o f 
the diseases described can be explained on p h ys io log ica l grounds, w hile  
many s t i l l  have the ae tio logy  o f the h yp e rve n tila tio n  unexplained.
H ype rven tila tion  is  commonly used by anaesthe tis ts  in  the fo llo w in g  
four circumstances:
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1. During anaesthesia to  ensure against h yp ove n tila tio n  and hypoxia
when the exact v e n t i la t io n  is  unknown.
2. In  the treatment o f crushed chest in ju r ie s  (Avery e t a l,  1956).
3. In  the reduction  o f in t ra c ra n ia l pressure (Cobb & Fremont-Smith,
1931).
4. In  the emergency treatm ent o f metabolic acidoses (Auchincloss,
1964).
R espirators also cause h yp e rve n tila tio n  in  pa tien ts  w ith  p o lio m y e lit is  
(Crane e t a l,  1956). Some p a tien ts  complained o f " a i r  hunger" despite 
insp ired  oxygen leve ls  o f 70 -  80% and P^C02 values as low as 15 mm Hg.
In  a d d itio n , about 25% of n on -re sp ira to r p o lio m y e lit is  p a tien ts  were found 
to  hyp e rve n tila te  a t re s t .  H ype rven tila tion  is  not used by anaesthetis ts  
to co rrec t severe hypercapnia because o f the danger o f post-hypercapnic 
v e n tr ic u la r  f i b r i l l a t io n .
M etabolic acidoses can cause h yp e rve n tila tio n  by a lte ra t io n  o f pH9
and P C0o . Common examples of m etabolic acidosis are diabetes, uraemia a z ■
and post-traum atic  or haemorrhagic shock (Cournand e t a l ,  1943). Other 
causes of pe rip he ra l chemoreceptor s tim u la tio n  such as hypoxia a r is in g  
from h is to to x ic  po isoning, anaemia and congenita l heart disease w ith  
arteriovenous anomalies, degenerative heart disease or pulmonary disease 
can, i f  the conditions are favourable, produce h yp e rv e n tila tio n . 
Chemoreceptor s tim u la tio n  in  these sta tes can be recognised by the f a l l  in  
v e n t i la t io n  when the p a tie n t is  given 100% 0^ to breathe. This response 
depends, however, on the re s p ira to ry  co n tro l system being responsive and 
on there being no mechanical o bs truc tion  to  v e n t i la t io n .
Other diseases produce h yp e rve n tila tio n  by mechanisms th a t are s t i l l  
la rg e ly  unexplained or are c o n tro v e rs ia l. Simmons e t a l (1960) observed 
c l in ic a l  h yp e rve n tila tio n  in  a series o f 11 e ld e r ly  p a tie n ts  w ith  proved 
gram-negative bacteraemia. However, 3 o f the 11 p a tien ts  were hypotensive 
and 4 had pyrex ia . The mean P C0o in  10 o f the p a tien ts  was 27.8 ± 5.4
9 . Z
(SD) mm Hg, w ith  the lowest value being 17.0 mm Hg. Other authors, fo r
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example Weil & Spink (1958) and Braude e t a l (1953), who demonstrated the 
same phenomenon, had pa tien ts  w ith  gram-negative bacteraemia who were 
hypotensive; th is  has been shown (Cournand e t a l ,  1943) to  cause hyper­
v e n t i la t io n  i t s e l f .  Thus in  the series o f Simmons and h is  colleagues 
h yp e rve n tila tio n  could have been caused by hypotension or by pyrex ia .
In  1960, Heinemann and h is  colleagues reported a series o f 10 pa tien ts  
w ith  c ir rh o s is  and one w ith  p o r ta l disease secondary to  schistosom iasis 
who had evidence of h y p e rv e n tila tio n . The mean P C0o o f these pa tien ts
3  Z
was 35.5 ± 3.1 (SD) mm Hg compared to a mean o f 40.0 mm Hg fo r  pa tien ts
w ith  other unrelated diseases. Heinemann e t a l sta ted th a t the 2 most
e ffe c t iv e  s t im u li fo r  v e n t ila t io n  (pH and P C0o) could no t, in  these cases,a 2.
account fo r  the h y p e rve n tila tio n . They found th a t there was an increased
AP. 0 and they there fo re  suggested a low P 0o as the stim ulus fo r  the 
iv ""3  & 3  Z
h y p e rve n tila tio n . They suggested the 2 fo llo w in g  possib le  mechanisms
fo r  the increased AP. CLiA-a 2
.1 , A re la t iv e  hyp ove n tila tio n  o f parts o f the lung, fo r  example 
because of e le va tio n  o f the diaphragm as a re s u lt  o f a s c ite s .
2, Arterio-venous admixture as a re s u lt o f porto-system ic 
anastomoses. Connections between the p o rta l vascular bed and the 
perioesophageal, m ed iastina l, b ronch ia l and pulmonary vessels have 
been demonstrated in  LaennecTs c ir rh o s is  (Calabresi & Abelmann, 1957).
Heinemann e t a l made the p o in t th a t the low P 09 was not i t s e l f  low enough
3  Z
to  s tim u la te  h yp e rve n tila tio n , Roberts e t a l (1956) suggested ammonia 
as a p re c ip ita t in g  fa c to r fo r  h yp e rve n tila tio n  but there was not a good 
c o rre la tio n  between v e n t i la t io n  and c irc u la t in g  ammonia le v e ls . W illiam s
(1953) had suggested th a t a re f le x  s tim u la tio n  o f v e n t i la t io n  occurred 
w ith  c e rta in  changes in  the lung parenchyma. The o r ig in a l paper 
considered th is  fo r  p a tien ts  w ith  m itra l stenosis but Heinemann e t a l 
proposed th a t th is  could also poss ib ly  p lay a p a rt in  the h yp e rve n tila tio n  
of p a tien ts  w ith  c ir rh o s is . The f in a l  suggested stim ulus was th a t, by 
bypassing the p o rta l c ir c u la t io n ,  ce rta in  in te s t in a l m etabolites 
d ire c t ly  s tim u la te  re s p ira tio n .
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In  a series o f 10 pa tien ts  w ith  diagnosed pulmonary embolism, Robin
e t a l (I960) reported mean P C0o values o f 26.2 ± 9.1 (SD) mm Hg, meanJil z
P C0o values o f 35.7 ± 8.4 mm Hg (range 21 to 53 mm Hg) and re s p ira to ry  a z .
ra tes ranging from 16 to  59 breaths/m in. The 5 p a tien ts  who had V„Ej
measured had a mean value o f 12.4 L/min compared to  co n tro l pa tien ts  who 
had a mean o f 7.4 L/m in. In  a d d itio n , Robin e t a l reported a r te r ia l  
oxygen unsatura tion .
In  measurements on 12 p a tie n ts  w ith  ankylosing s p o n d y lit is , Renzetti
e t a l (1960) reported h y p e rv e n tila tio n . This was diagnosed on the
evidence o f the V^; in  7 subjects the increased Vg resu lted  from increased
f  ra the r than from increased V™. The mean P CO was 40.7 mm Hg compared1 a z
to 43.0 mm Hg fo r  c o n tro l p a tie n ts . In  10 o f the p a tien ts  w ith  ankylosing 
s p o n d y lit is , th is  h yp e rve n tila tio n  occurred a t re s t and was s t i l l  present 
during and a fte r  exerc ise . R enzetti e t a l postu la ted th a t the hyper­
v e n t i la t io n  resu lted  from a re la t iv e  over-expansion o f the lower parts of 
the lung and a re la t iv e  under-expansion of the upper parts  o f the lung, 
thus g iv ing  a disturbance o f the V^/Q re la tio n s h ip .
Plum & Swanson (1959) reported th a t h yp e rve n tila tio n  could be seen
c l in ic a l ly  in  p a tien ts  recovering from acute, tra n s ie n t hypoxia,
hypoglycaemia, head in ju r ie s  and acute cerebrovascular d isturbances.
They a lso reported descrip tions o f fo rced, heavy or s te rto rous breathing
cu lled  from the jo u rn a ls , describ ing  pa tien ts  w ith  fu lm in a tin g  m e n in g itis ,
b a s ila r  a rte ry  thrombosis, pontine haemorrhage and e n ce p h a litis . Plum
& Swanson recorded P,,C0o values in  pa tien ts  su ffe r in g  from d if fe re n t types
cl Z
of in tra c e re b ra l les ion  as shown in  Table 2. They concluded tha t 
re s p ira to ry  abnorm ality was a response to  medial pontine damage, although 
they conceded th a t deep brainstem damage could poss ib ly  give r is e  to  
re s p ira to ry  and c irc u la to ry  changes th a t could re s u lt in  h y p e rv e n tila tio n . 
In  the 9 p a tien ts  w ith  pontine lesions in  Table 2, f  ranged from 28 to  38 
breaths/m in and V„ ranged up to  24.6 L/m in; the mean pH was 7.48. Plum 
& Swanson sta ted th a t the h yp e rve n tila tio n  could not be a ttr ib u te d  to 
hypoxaemia, They observed th a t hyperpnoea was present in  cardiac 
dyspnoea but th a t the exact neurogenesis fo r  th is  was s t i l l  uncerta in .
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P C0_ Levels in  Patients w ith  D iffe re n t In tra ce re b ra l Lesions —a— 2-----------------------------------------------------------------------------------------------
Adapted from Plum & Swanson, (1959)
Table 2
S ite  o f Lesion PaC02 mm Hg
Mean SD Range fo r  Controls
Pons 24.2 3.9 31 -  41
Brainstem 35.6 5.0 32 -  43
B ila te ra l
hemisphere 38.0 5.0 33 -  43
U n ila te ra l
hemisphere 35.1 5.0 31 -- 40
Cerebral In fa rc t 34.0 4.9 31 -  41
F in a lly ,  there is  the cond ition  of chronic h yp e rve n tila tio n  syndrome. 
Because o f the nature o f the a e tio log y , i t  could be more a p p ro p ria te ly  
considered under psycholog ica l s t im u li to  re s p ira tio n ; however, because 
the syndrome can mimic so many pa tho log ica l cond itions , i t  is  considered 
here. Lewis (1957) analysed 150 cases o f h yp e rve n tila tio n  and discovered 
th a t 3% were organic in  o r ig in ,  33% were pure ly  psychogenic in  o r ig in  and 
the remainder were o f mixed o r ig in .  Table 3 shows some o f the o r ig in a l 
diagnoses reported by Lewis in  h is  s e r ie s .
Table 3
Some o f the O rig in a l Diagnoses in  150 Cases o f H ype rve n tila tio n
(From Lewis, 1957)
1
1, C ard iovascular, Coronary heart disease, rheumatic heart disease,
hypertensive heart disease, congenita l heart disease, acute rheumatic 
fe ve r, cor pulmonale, paroxysmal a t r ia l  tachycardia .
2, R esp ira to ry . Asthma, emphysema, re s p ira to ry  tra c t  in fe c t io n .
3, N eu ro log ica l. Epilepsy, b ra in  tumour, p o lio m y e lit is ,  cerebro­
vascular accident. ________
Psychic. "Nerves", " fu n c t io n a l" ,  h yp e rve n tila tio n  syndrome (one).
5, G a s tro in te s tin a l. Cardiospasm, pep tic  u lc e r , c h o le c y s t it is ,  
c h o le l ith ia s is ,
6, M uscu loske le ta l, F ib ro s it is ,  m yos itis , a r t h r i t is .
7. Endocrine. I s le t  c e l l  tumour o f pancreas, phaeochromocytoma, 
hyperthyro id ism , hypothyroidism , in s u lin  re a c tio n , "g lands".
8. "A lle rg ic  Con d it io n " ._____
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In  a d d itio n  to the ra th e r aston ish ing l i s t  reported in  Table 3, the 
author has seen one case in  general p rac tice  th a t was o r ig in a l ly  
diagnosed as " b i la te ra l s lipped d iscs in  the neck and lumbar re g io n ". 
Further d e ta ils  o f th is  case are given in  Chapter 3.
CONCLUSIONS
I t  can be seen th a t v e n t i la t io n  is  stim ulated by a host o f d if fe re n t
fa c to rs . Of these, the most im portant p h y s io lo g ic a lly  and p a th o lo g ic a lly
are undoubtedly increased P C0o and decreased P 0o and pH ; the mosta 2 a 2 a
im portant fa c to r psych o log ica lly  is  in fluence from the h igher centres.
Often these 4 fa c to rs  in te ra c t and th is  can obfuscate a thorough 
understanding of the mechanisms causing h yp e rve n tila tio n . Diagnosis 
o f h yp e rve n tila tio n  is  d i f f i c u l t  as can be seen from the array o f mis­
diagnoses quoted in  Table 3. The study o f the e ffe c ts  o f h yp e rve n tila tio n  
in  Chapter 2 w i l l  fu r th e r  emphasize th is  p o in t.
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CHAPTER 2
THE EFFECTS OF HYPERVENTILATION -  A REVIEW OF THE LITERATURE 
INTRODUCTION
H ype rven tila tion  a ffe c ts  v i r t u a l ly  a l l  organs o f the body; some 
systems are s u f f ic ie n t ly  a ffected  to cause symptoms w h ile  others are no t. 
In  th is  chapter, the symptoms o f h yp e rve n tila tio n  w i l l  f i r s t  be described 
and then an attempt w i l l  be made to  exp la in  the mechanisms responsible 
fo r  these symptoms by a study o f the e ffe c ts  o f h y p e rv e n tila tio n  on the 
body.
THE SYMPTOMS OF HYPERVENTILATION
Wayne (1957), in  a comparison o f the symptoms o f h yp e rve n tila tio n  
w ith  those o f hypoxia, reported the frequency o f d if fe re n t  symptoms.
Table 4 shows the frequencies he found, ranked in  descending order.
■ Table 4
The Frequency of Symptoms in  H ype rven tila tion  in  165 Subjects (adapted 
from Wayne, 1957).
Symptom Frequency %
Dizziness 72.8
Lightheadednes s 64.2
T in g lin g 61.3
V isua l disturbances 33.2
Muscular incoo rd ina tio n 27.9
In a b i l i t y  to  th in k  c le a r ly 27.2
Feeling o f detachment 24.9
Numbness 23.0
Fatigue 16.3
Feeling of hot or cold 15.8
Dyspnoea 12,1
Tightness around head or headache 10,3
Tremor 10,3
Tetany 6.7
Apprehension ............................................ 1 ,2 ............
U n fo rtuna te ly , no attempt was made to  measure or other PC02 values
and there fo re  appearance o f symptoms could not be re la te d  to  CC>2 tensions.
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The endpoint o f the experiment was reached when the handw riting became 
i l le g ib le .  I t  is  there fo re  apparent tha t the commonest symptoms in  
Wayne's experiment are the ones th a t a rise  ea rly  in  h yp e rve n tila tio n , 
and th a t some o f the more s tr ik in g  symptoms d id  not have time to  develop. 
Lewis (1957) analysed the symptoms found in  h yp e rve n tila tio n  syndromes.
In  a d d itio n  to the symptoms described in  Table 4, he reported p a lp ita t io n s , 
d isorders o f heart rhythm, tachycardia , a ty p ic a l chest pa ins, va ria b le  
features o f vasomotor in s ta b i l i t y ,  dryness o f the mouth, globus, dysphagia, 
l e f t  upper abdominal quadrant d iscom fort, aerophagy, fla tu le n c e , myalgia, 
a r th ra lg ia , carpopedal spasm, i r r i t a b i l i t y  and sleep d isturbances. In  
a d d itio n , he reported as symptoms the mechanisms by which some pa tien ts  
ove rb rea thed ,'V iz . s igh ing re sp ira tio n s  and excessive yawning. The number 
o f these symptoms shows why h yp e rve n tila tio n  is  so d i f f i c u l t  to  diagnose. 
Engel e t a l (1947) mentioned b lu r r in g  o f v is io n  as a prominent symptom 
as w e ll as the symptoms described above. Okel & Hurst (1961) confirmed 
th is ,  and also reported tha t 3 o f th e ir  4 subjects f e l t  coldness o f the 
ex trem ities  and hunger. C o llip  & Backus (1920) had already reported th a t 
some o f th e ir  subjects f e l t  unusually hungry a f te r  h yp e rve n tila tio n , and 
these authors also noted a d iu re s is  in  th e ir  sub jects.
RESPIRATORY EFFECTS OF HYPERVENTILATION
The immediate e ffe c t of h yp e rve n tila tio n  is  the lowering of 
(and there fo re  tension. Rahn (1954) reported th a t there x^ as a
small but f in i t e  d iffe rence  between PAC°2  and ■PaC02; t'kds di fference 
was o f the order o f 1 mm Hg and is  there fore  ignored in  th is  th e s is .
From f i r s t  p r in c ip le s , the fo llo w in g  equation may be derived fo r  a person 
breath ing ambient a ir :
VC0? X (PB-47)
I t  is  usua lly  assumed tha t basal metabolic VC09 stays steady during 
h y p e rve n tila tio n . Thus i f  V^ increases, P^C02 f a l ls .  This fa c t was 
o r ig in a lly  pointed out by Mosso (1898) and was confirmed by subsequent 
workers, fo r  example Henderson (1910) and Henderson & Haggard (1918),
Many attempts have been made to  simulate th is  CO^  washout and C02 transp o rt 
by mathematical, mechanical and e le c t r ic a l models, fo r  instance by C h ilton
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& Stacey (1952), Farh i & Rahn (1955, 1960), McHardy e t a l (1967) and 
Lipslcy & Angelone (1967). Experimenters such as Farh i & Rahn (1955), 
Vance & Fowler (1960) and Cherniack & Longobardo (1970) proposed the 
concept o f a body pool fo r  CC^  sto res. Several authors, fo r  example 
Fowle & Campbell (1964), Fowle e t a l (1964), S u lliva n  e t a l (1966) and 
Brandi & Clode (1969) id e n t if ie d  2 main compartments. Vance & Fowler 
suggested th a t the 2 compartments could be as fo llo w s :
1. E x tra c e llu la r  f lu id .
2, In t ra c e llu la r  f lu id ,
Brandi & Clode suggested th a t the 2 compartments were composed as fo llo w s :
1. Well perfused organs -  such as b ra in  and g a s tro in te s tin a l t r a c t .
2. Poorly perfused organs -  such as re s tin g  ske le ta l muscle and
connective tissu e .
Farh i & Rahn (1955, 1960) suggested th a t the 3 compartments could be 
id e n t if ie d  as fo llo w s ;
1, Lung, w ith  a very fa s t- t im e  constant,
2, B lood,w ith  a slower time constant.
3, Tissue, made up of many compartments and w ith  a much slower time
constant. Included in  these compartments is  lung parenchyma (Dubois
e t a l ,  1952),
Three compartments were also id e n t if ie d  by Stoddart (1965). I t  is
apparent, however, th a t those experimenters who make th e ir  measurements
in  the venous blood w i l l  not id e n t ify  any lung compartment; in  the same 
way, those workers who do not have a ra p id ly  sampling, fa s t reac ting  gas 
analyser w i l l  not id e n t ify  the lung compartment.
Farh i & Rahn (1955) and S u lliva n  e t a l (1966) made the p o in t th a t 
when changes in  CO^  stores were made, i t  was some time before e q u ilib r iu m
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could be re -es tab lished . Farh i & Rahn stated th a t the slow C02 adjustment 
could be explained as fo llo w s :
1. The large size o f the s to res, (approximately 17L (NTP) o f CO )^ 
in  so ft tissues.
2. The fa c t th a t some tissues are poorly perfused.
3. The fa c t th a t l i t t l e  CC>2 is  stored in  the dissolved form and tha t
most is  stored as bicarbonate. Bicarbonate is  m obilized slow ly 
because o f the fo llo w in g  fa c to rs :
t*
a. Some tissues do not have carbonic anhydrase.
b. Ions are re d is tr ib u te d  between compartments (Hamburger s h if t )  
when PCC>2 is  changed.
c. Prolonged renal compensation comes in to  p lay.
I t  was also pointed out th a t the e q u ilib r iu m  would depend on the size o f 
the stores and the minute volume imposed during h yp e rve n tila tio n . The
recovery a fte r  h yp e rve n tila tio n  would s im ila r ly  depend on the breath ing
p a tte rn . I t  w i l l  be seen la te r  in  the chapter th a t th is  is  very va ria b le  
a fte r  h y p e rv e n tila tio n , ranging from apnoea to continued h y p e rve n tila tio n .
CIRCULATORY EFFECTS OF HYPERVENTILATION
E ffe c ts  of H ype rven tila tion  on the Blood
H ype rven tila tion  causes a washout of CC>2 as discussed e a r l ie r .  The 
C02 is  d ire c t ly  held in  so lu tio n  or is  combined as shown by the equation
h +  +  h c o 3 "  $  h 2c o 3 $  h 2 o  +  c o 2
Thus one o f the major e ffe c ts  o f h yp e rve n tila tio n  is  an increase in  the
5/ *■ 'TV Y"~rr,>~;£71a lk a l in i ty  o f the b lood, and th is  is  almost -axiomatic* in  re s p ira to ry  
physio logy. Values up to a pH o f 7,8 have been reported during hyper­
v e n t i la t io n  (Brown, 1953), In  conjunction w ith  th is  re s p ira to ry  a lka lo s is
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there is  a f a l l  in  the le v e l o f serum calcium ions ({Ca }) (e .g . Grant
44
& Goldman, 1920); other authors have found no change in  (Ca } (Saltzman 
e t a l,  1963; Okel & H urst, 1961; and Rapoport e t a l ,  1946) w hile  others 
have found an increase in  {Ca } (George e t a l,  1964). These la t te r
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authors found th a t {Ca } increased during exercise and suggested tha t 
th is  could exp la in  the r is e  in  vigorous h yp e rve n tila tio n . The theories 
o f the e ffe c t o f calcium  on tetany production are discussed la te r .
Although C o llip  & Backus (1920) had found an increase in  the u rin a ry  
excre tion  o f phosphate during h yp e rve n tila tio n , cu rren t views are th a t 
phosphate leve ls  in  the urine  f a l l  (George e t a l,  1964; Brown, 1953), 
suggesting th a t the f a l l  in  serum phosphate does not occur through 
u rin a ry  loss , (Okel & H urst, 1961). George e t a l reported th a t the f a l l  
in  serum phosphate could be accounted fo r  by the increase in  e ry th rocyte  
phosphate leve ls  during h yp e rv e n tila tio n . They suggested th a t the 
consequent increase in  phosphate esters could c o n s titu te  a p a r t ia l  
compensation fo r  the loss of bicarbonate ions from the red blood c e lls  
during h yp e rve n tila tio n .
A major e ffe c t o f hypocapnia on the blood is  the Bohr e f fe c t .  The 
oxygen-haemoglobin d isso c ia tio n  curve is  s h ifte d  upwards and to the l e f t  
when P CO is  lowered. Thus a t any. P00 in  hypocapnia, the blood can9 Z Z
carry  more oxygen but w i l l  y ie ld  less to  the tissue s . Because o f the
shape of the curves, th is  is  o f more relevance a t the venous end of the
c a p il la ry .  Gotoh e t a l (1965) a ttr ib u te d  27% of the f a l l  in  jug u la r
venous PC  ^ during h yp e rve n tila tio n  experiments to the Bohr e ffe c t .
The E ffe c ts  o f H ype rve n tila tio n  on the C irc u la tio n  o f the Blood
Henderson (1910) was one o f the f i r s t  in ve s tig a to rs  to  describe an 
e ffe c t o f h y p e rve n tila tio n  on the c irc u la t io n ; some o f h is  animals entered 
"c irc u la to ry , shock" and succumbed. He a ttr ib u te d  th is  m isfortune to  the 
excessive a r t i f i c i a l  v e n t i la t io n  and noted th a t i t  d id  not happen when 
CO^  excre tion  was prevented by adding CO^  to  the in s p ira te . His work was
fu r th e r  am p lified  by Dale & Evans (1922) who found th a t the f a l l  in
systemic blood pressure in  the cat during passive h yp e rve n tila tio n  was 
caused by hypocapnia and not by changes in  the blood pH. Brown & M il le r
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(1952) produced v e n tr ic u la r  f i b r i l l a t io n  in  dogs by a sudden reduction 
o f P^C02 f rom a p rev ious ly  imposed very high le v e l o f Some
workers, fo r  example Grollman (1930), Rowe e t a l (1962), Thompson e t a l 
(1962) and Richardson e t a l (1972) agree tha t h yp e rve n tila tio n  causes a 
r is e  in  cardiac output; Grollman concluded tha t as a re s u lt  of s im ila r  r ise s  
in  card iac output during normocapnic h yp e rve n tila tio n , the r is e  was a 
re s u lt o f re s p ira to ry  exe rtion s . Richardson e t a l (1972) found an 
increased heart ra te  and card iac output and dim inished mean a r te r ia l  
blood pressure and systemic vascular resistance during h y p e rve n tila tio n . 
These changes were most marked a fte r  one minute, but the values had almost 
a l l  returned to  co n tro l leve ls  a f te r  7 min of h yp e rv e n tila tio n . They 
found th a t the changes were unaffected by B-bloclcers but were abolished 
by an tih is tam ines. They suggested there fore  tha t h istam ine release plays 
a p a rt in  the c irc u la to ry  response to h yp e rve n tila tio n . Thompson e t a l 
(1962) found th a t the changes they measured in  card iac output could be 
abolished by a tro p in e , although s im ila r  changes induced by exercise were 
no t. On the other hand, Roome (1931, 1933) found th a t passive hyper­
v e n t i la t io n  in  dogs caused a f a l l  in  blood pressure and cardiac output, 
but th a t the former was p ro p o rtio n a te ly  more. M arkello  e t a l (1969) 
quote papers re p o rtin g  a f a l l  in  cardiac output w ith  h y p e rve n tila tio n  -
a f a l l  which they were unable to substan tia te  in  th e ir  study on
anaesthetized humans. They suggested th a t the increase in  catecholamine 
release during anaesthesia masked the c irc u la to ry  depressant a c tion  o f 
the h yp e rv e n tila tio n ,
Rowe e t a l (1962) also reported th a t h yp e rve n tila tio n  in  man caused 
a s ig n if ic a n t decrease in  coronary blood flow ; th is  was re fle c te d  in  a
lowered coronary sinus PC02 and and 3"n a l ° wered myocardial 
This con s titu te d  a d d itio n a l evidence fo r  the find ings  o f Christensen (1946) 
who found th a t vo lun ta ry  h y p e rv e n tila tio n  gave e lec troca rd iog raph ic  signs 
o f myocardial hypoxia. These signs were present even during hyper­
v e n t i la t io n  w ith  100% 02 but d id  not occur w ith  normocapnic hyper­
v e n t i la t io n .  The changes were not prevented by premedication w ith  
n itro g ly c e r in e . The changes described were as fo llo w s :
1, Sinus tachycardia w ith  a. s l ig h t  reduction in. the time o f
conduction and in  the time o f e le c t r ic  sys to le .
30
2. Uncharacteristic changes in the heights of R waves.
3. Is o e le c tr ic ,  d iphasic or inverted  T waves in  2 or more leads.
Christensen showed th a t even a s l ig h t  h yp e rve n tila tio n  could give ECG 
changes, and he suggested tha t the ECG changes found in  some fe b r i le ,  
in fe c tio u s  diseases could be a ttr ib u te d  to the accompanying h yp e rve n tila tio n , 
His re su lts  confirmed those o f Barker e t a l (1939) who found tha t not only 
h y p e rv e n tila tio n , but a lso ingestion  o f bicarbonate ( i . e .  a lk a lo s is ) , 
caused T wave changes. Christensen (1946) stated th a t a pH change from
cl
7.35 to 7.70 w i l l  reduce the coronary blood flow  by 50%. The ECG changes 
during h yp e rve n tila tio n  are so standard tha t Bloom (1946) even suggested 
tha t h yp e rve n tila tio n  could be used as a short du ra tion  exercise te s t fo r  
bedridden p a tien ts  to discover la te n t coronary heart disease.
Stewart (1911) described a d im inution of blood flow  in  the hands o f 
2 subjects v o lu n ta r i ly  h yp e rv e n tila tin g , but not h yp e rve n tila tin g  to the 
extent tha t they f e l t  symptoms. This was confirmed by Christensen (1945) 
who found an a r te r ia l  vasocons tric tion  in  the legs when subjects hyper­
v e n tila te d . In  a d d itio n , Thompson e t a l (1962) and Eckste in e t a l (1958) 
described ac tive  venoconstric tion  in  the limbs during h yp e rve n tila tio n . 
Eckstein and h is colleagues showed th a t the forearm venous pressure f e l l  
during h yp e rve n tila tio n  w ith  a i r ,  but rose s l ig h t ly  when the PjCC^ was 
ra ised . The ac tive  forearm vasoconstric tion  occurred whether or not the 
was allowed to  f a l l .  In  a d d itio n , there was a decrease in  the 
forearm venous volume tha t was greater during hypocapnic h yp e rve n tila tio n  
than during normocapnic h yp e rve n tila tio n . Eckstein & Hamilton (1958) 
reported a s ig n if ic a n t r is e  in  transmural ce n tra l venous pressure during 
h yp e rve n tila tio n  and suggested tha t th is  proved tha t blood had s h ifte d  
c e n tra lly .  Brown (1953), quoting Mohamed & Bean (1951), suggested tha t 
h yp e rve n tila tio n  produced vasoconstric tion  in  some vascular beds and 
v a so d ila ta tio n  in  o the rs , poss ib ly  in  the splanchnic bed. He suggested 
th a t the vary ing reports  of r ise s  or fa l ls  in  cardiac output and blood 
pressure were re la ted  to the o v e ra ll e ff ic ie n c y  o f the 2 c o n f l ic t in g  
responses,
One o f the im portant consequences o f the vascular e ffe c ts  o f hyper­
v e n t i la t io n  is  th a t the body is  less able to to le ra te  a d d itio n a l
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a l,  1951), G to lerance is  lowered (Brent e t a l ,  1957; Browne, 1959), 
and pressure breath ing can cause syncope much sooner (E rnsting , personal 
communication).
The f in a l  c irc u la to ry  e ffe c t o f h yp e rve n tila tio n  is  on the cerebra l 
blood flow ; th is  is  discussed la te r .
CEREBRAL EFFECTS OF HYPERVENTILATION
E ffe c ts  o f H ype rven tila tion  on the Cerebral C irc u la tio n
Lennox (1931) s ta ted th a t hypocapnia caused by h yp e rve n tila tio n  
provoked p e t i t  mal se izures; breath ing low oxygen m ixtures increased 
the frequency o f the se izu res . Lennox & Behnlce (1936) showed th a t when 
h yp e rve n tila tio n  was performed w ith  pure n itrogen , grand mal seizures 
occurred sooner than when i t  was performed w ith  pure oxygen.
Gibbs e t a l (1943) reported th a t some persons undergoing vo lun ta ry  
overbreathing produced an increase in  the amplitude o f the "b ra in  waves" 
and a decrease in  th e ir  frequency. They in s tru c te d  subjects to breathe 
a t 50 deep breaths/m in fo r  2 min; they found th a t the e ffe c ts  were more 
marked in  the s i t t in g  p o s it io n  than in  the supine p o s it io n , and in  younger 
•pa tien ts  ra th e r than o lder p a tie n ts , Preswick e t a l (1965) confirmed 
th is ,  and reported 2 female pa tien ts  in  whom the EEG changes occurred 
sooner when they were m enstruating. Gotoh e t a l (1965) suggested th a t 
the EEG changes in  h y p e rve n tila tio n  could re s u lt from one or more o f the 
fo llo w in g  mechanisms:
1, Cerebral ischaemic hypoxia a r is in g  from cerebra l va so cons tric tio n .
2, The lack o f some s p e c if ic  property o f CO^  on nerve c e lls  and
membranes,
3, Some e ffe c t o f ce rebra l a lk a lo s is ,
Several au thors, fo r  example Engel e t a l (1947) and Rapoport e t a l (1946) 
reported th a t changes in  the EEG during overbreathing were most marked 
when a low blood sugar was present,
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Forbes & W olff (1928) had already demonstrated th a t the cerebra l
c irc u la t io n  of the cat was p a r t ly  under chemical c o n tro l; W olff & Lennox
(1930) showed tha t a decrease in  P C0o caused a c o n s tr ic t io n  in  the p ia la z
vessels o f the ca t. Lennox & Gibbs (1932), in  unanaesthetized men, showed
th a t a reduction  o f P C0o caused by vo lun ta ry  h yp e rve n tila tio n  w ith  a ira z
gave an increased ■^E>a_v92» Hiey postu la ted tha t th is  represented a slowing
o f the cerebra l c irc u la t io n  and demonstrated th a t the e ffe c t was less
marked when th e ir  subjects hyperven tila ted  w ith  100% 02 . Cohen e t a l (1968)
found th a t ce rebra l blood flow  f e l l  to  about 50% o f the re s tin g  value w ith
hypocapnia. Their re s u lts , together w ith  those from other authors, are
shown in  Figure 1. Nornes (1968) found th a t cerebra l blood flow  (CBF)
f e l l  ra p id ly  (w ith in  seconds) w ith  the P C0o to  about 50% o f the c o n tro la z
value, but un fo rtu na te ly  d id  not repo rt P C0o values. Severinghaus &a z
Lassen (1967) reported th a t the la te n t period of the ce rebra l vascular
response to C02 was barely more than the lung-b ra in  c irc u la t io n  tim e.
They suggested th a t changes must the re fo re  be re la ted  to  P C0_ ra th e r thana z
to  P CO or P C0o. Raichle & Plum (1972) declared th a t CBF declines 2% t  2 v 2
fo r  every 1 mm Hg reduction  in  P C0o , and tha t a t low P C0o values th isa Z a z
e ffe c t is  counteracted by the e ffe c ts  of cerebra l hypoxia. R eiv ich  (1964)
derived a formula re la t in g  CBF to  P C0o in  rhesus monkeys:a z
92.8
CBF (ml/lOOg/min) = 20.9 + ------ ----
1 + 10570e“ 5,2511° gPaC02
This formula y ie ld s  a lin e  tha t is  almost s tra ig h t between P C0o values o fa. Z
20 and 60 mm Hg but th a t f la tte n s  out below 20 mm Hg (see Figure 1 ). He
suggested th a t the f la t te n in g  was due to the counter e ffe c t o f ce rebra l
hypoxia on the cerebra l c irc u la t io n  -  a theory supported by Raichle & Plum
(1972)? Purves (1972) and Harp & Wollman (1973). Harp & Wollman
suggested th a t a normal man can to le ra te  a P C0o o f 25 mm Hg fo r  somecl Z
time w ithou t "ce reb ra l metabolic decompensation". They suggested,
(quoting the work o f F innerty  e t a l,  1954) th a t the lowest le v e l o f CBF
to le ra te d  by normal man w ithou t signs o f cerebra l ischaemia would be
30 ml/lOOg/min, Using the formula of Reivich (which compares f a i r l y
w e ll w ith  the re su lts  from the l i te ra tu re  o f work ca rrie d  out on men)
th is  value o f CBF gives an equiva lent P.C0o o f 20 mm Hg.a Z
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Figure 1. The E ffe c t o f Hypocapnia on Cerebral Blood Flow.
Engel e t a l (1947) showed th a t h yp e rve n tila tio n  w ith  oxygen gave less
change in  the EEG than h yp e rve n tila tio n  w ith  10% 0^ in  N^. Holmberg
(1953) concluded tha t hypocapnia was the esse n tia l fa c to r  producing slow
waves in  the EEG during h y p e rve n tila tio n ; he sta ted th a t concomitant
hypoxia helped to produce EEG slowing but was unable to produce any such
e ffe c t w ithou t co -e x is tin g  hypocapnia -  a po in t supported by Morgan & Ward
(1970) but conc lus ive ly  disproved by, amongst o thers, Denison e t a l (1976b).
Meyer & Gotoh (1960) proved th a t the EEG slowing during h yp e rve n tila tio n
was the re s u lt  o f ce rebra l hypoxia a r is in g  from the decreased CBF and not
from the d ire c t ac tion  o f lowered on tdie b ra in . This was confirmed
by Cohen e t a l (1968) who found th a t the EEG and cerebra l m etabolic e ffe c ts
o f moderate and severe hypocapnia (P C09 o f 19.4 and 10.1 mm Hg
re sp ec tive ly ) were very s im ila r  to  those o f hypoxia. Granholm e t a l
(1968) demonstrated increased cerebra l tissue  and CSF lac ta te /pyruva te
ra tio s  and tissue  NADH leve ls  (during h yp e rve n tila tio n  in  cats to between
P C09 leve ls  o f 25 and 20 mm Hg) which were very suggestive o f cerebra l a 2
hypoxia. The increased cerebra l la c ta te  production was confirmed in
h yp e rve n tila tin g  ch ild re n  by Settergren e t a l (1973) although not
confirmed in  ra ts  by Leusen & Demeester (1966). M alette  & Eiseman
(1958) showed th a t h y p e rv e n tila tio n  w ith  100% C>2 in  dogs gave an
increased cerebra l la c ta te  le v e l; they im plica ted  as causes o f the
cerebra l hypoxia the' reduction  in  the CBF and the Bohr e f fe c t ,  and they
suggested th a t these fa c to rs  could be o f importance in  a v ia tio n . Gotoh
e t a l (1965) a ttr ib u te d  73% of the f a l l  in  ju g u la r P 0£ to  the reduction
in  CBF and the remaining 27% to the Bohr e f fe c t .  Kety & Schmidt (1946)
found th a t CBF dim inished during  both active  and passive h yp e rve n tila tio n ;
cardiac output f e l l  s ig n if ic a n t ly  during passive h yp e rve n tila tio n  but was
maintained during a c tive  h yp e rve n tila tio n  by a concomitant tachycardia.♦
Cerebral V02 rose ( re f le c t in g  a r is e  in  cerebra l m etabolic a c t iv ity )  
during a c tive  h y p e rve n tila tio n  but not during passive h y p e rv e n tila tio n .
M iyazaki (1973) found th a t the CBF f e l l  most one to two minutes 
a fte r  the s ta r t  o f h yp e rve n tila tio n  to a lowest P C09 value o f 31,5 mm Hg.ci cL
T he re a fte r, subjects behaved in  one o f the two fo llo w in g  ways:
1. They e ith e r  maintained th a t low le ve l o f CBF throughout 
h y p e rv e n tila tio n , or
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2. CBF tended to recover towards normal during continued hyper­
v e n t i la t io n .
The la t te r  response was more common and re in fo rced  the suggestions of 
Slcinh^j (1968) and Raichle & Plum (1972). Raichle e t a l (1970) studied 
3, unanaesthetized, v o lu n ta r i ly  h yp e rve n tila tin g  men. The CBF was almost 
60% o f co n tro l a fte r  30 min a t a P C0„ o f 15 -  20 mm Hg, but rose to 90%
9  Z
a fte r  4 hours and overshot to  131% when the o r ig in a l P C0o was resto red .a z
Betz e t a l (1968) reported th a t the CBF of cats recovered to normal values 
w ith in  5 min of the end o f h yp e rve n tila tio n  la s t in g  2 to 8 min. When 
h yp e rve n tila tio n  was prolonged and then stopped, CBF was s t i l l  dim inished 
a fte r  P C09 had returned to normal. However, Severinghaus & Lassen (1967)
9  Z
and Wollman e t a l (1968) using men, and Plum e t a l (1968) using dogs, found 
th a t CBF d id  not re tu rn  to  normal during several hours o f hypocapnia.
Severinghaus & Lassen (1968) suggested th a t CO^  a ffe c ts  CBF by d ire c t
d if fu s io n  in to  a r te r io la r  w a lls  ra th e r than by an e ffe c t on b ra in  P 0o ort  2
pH. They suggested th a t e x tra c e llu la r  f lu id  pH o f a r te r io la r  smooth 
muscle could be the common co n tro lle d  va ria b le  by which C02 and poss ib ly  
hypoxia and blood pressure determine vascular tone. This proposal was 
challenged by Raichle e t a l (1970) who found tha t b ra in  i n t e r s t i t i a l  pH was
a major fa c to r in  c o n tro ll in g  cerebra l blood flow .
The e ffe c t o f hypocapnia on the CBF is  dim inished in  pa tien ts  w ith  
occlusive cerebrovascular disease (Fazelcas et a l ,  1953) although the aging
process i t s e l f  plays a p a rt in  th is  (Gotoh e t a l ,  1965).
The E ffec ts  o f H ype rven tila tion  on the Control o f Breathing
I t  has been known fo r  some time (Hering, 1867; Haldane & P r ie s t le y , 
1905) th a t h y p e rve n tila tio n  suppresses re s p ira t io n , and fo r  some years 
i t  was accepted th a t apnoea always fo llowed hypocapnia. Boothby (1912) 
was the f i r s t  to  challenge th is ,  and M il ls  (1946) confirmed th a t 
hyperpnoea o ften  fo llow ed hypocapnia, Kellogg (1964) stated th a t 
the phenomenon o f p o s t-h yp e rve n tila tio n  apnoea was commoner in  subjects 
who knew th a t i t  o fte n  happened -  i . e .  tha t psycholog ica l fa c to rs  
could p lay a p a r t,  although the re s u lts  o f Bainton & M itc h e ll (1966)
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tend to  co n tra d ic t th is .  Plum e t a l (1962) demonstrated th a t post­
h yp e rve n tila tio n  apnoea occurred 4 times more commonly in  pa tien ts  w ith  
disordered b ra in  fun c tio n  than in  pa tien ts  w ith  normal b ra in  fu n c tio n .
Gray (1945) suggested th a t the re s p ira to ry  centre becomes more se n s itive  
to  CO^  a f te r  prolonged hypocapnia; Brown (1952) proposed th a t the 
increased s e n s it iv i ty  could be mediated by a proved reduction  (Brown e t a l,  
1950) in  the b u ffe r in g  capacity  o f the b ra in  fo r  C02 fo llo w in g  hyper­
v e n t i la t io n . Brown e t a l (1948) and Tawadrous & E ldridge (1974) showed, 
on the other hand, th a t a f te r  short periods o f h yp e rve n tila tio n  in  man 
the commonest response was continued overbreathing. E ld ridge (1973) 
showed tha t in  cats apnoea fo llow ed passive h yp e rve n tila tio n  but 
hyperpnoea fo llowed a c tive  h y p e rve n tila tio n .
Craig (1961) reported 8 serious inc idents and 5 fa ta l i t ie s  amongst 
swimmers who hyperven tila ted  and then held th e ir  breaths w hile  swimming 
under water. He suggested th a t drowning occurs because in  v io le n t 
exerc ise , the P 09 may f a l l  below a le v e l compatible w ith  high cerebra lcl /
fu n c tio n  before the P C0o increases enough to  s tim u la te  re s p ira tio n .
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Tetany
The production o f te tany by h yp e rve n tila tio n  was ex tens ive ly  studied 
by Grant & Goldman (1920), Subjects undergoing forced re s p ira tio n  
experienced carpopedal spasm and te ta n ic  convulsions and showed p o s it iv e  
Chvostek’ s, Trousseau’ s and E rb ’ s signs. Grant & Goldman stated tha t 
the underly ing cause of the te tany of h yp e rve n tila tio n  was a lk a lo s is .
They noted th a t a l l  subjects had marked carpopedal spasm a t a o f
20 mm Hg and th a t a t various leve ls  above th is  the subjects had t in g lin g  
o f the fin g e rs , toes face and abdomen and fa c ia l spasm. In  1935, West 
reported th a t spontaneous a c t iv i t y  occurred at the proximal po rtions  o f 
nerve fib re s  during te tany , He suggested th a t spontaneous f ir in g s  from 
muscle p rop riocep tive  f ib re s  re f le x ly  gave r is e  to motor impulses. On 
the other hand, Kugelberg (1948) sta ted th a t the motor discharge in  
hyperven tila tion -induced  te tany arose from d ire c t e x c ita t io n  o f the motor 
nerve f ib re s  which f i r s t  causes fa s c ic u la tio n  and then te tany. The 
pe riphe ra l nerve f ib re s  are a ffec ted  in  the fo llo w in g  o rd e r:
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1. Touch.
2. P ropriocep tion .
3. Motor.
4. Cold, heat, pa in . (Kugelberg, 1944).
Kugelberg noted th a t p a tien ts  w ith  chronic hypocalcaemia o ften  d id  not 
s u ffe r  from tetany and he suggested th a t some ha b itu a tio n  took p lace. 
However, i t  is  u n lik e ly  tha t ion ized calcium alone plays a p a rt in  the 
production o f te tany. A change in  pH from 7.4 to  7.6 changes the 
p ropo rtion  o f u n f i lte ra b le  calcium from about 75% to 70% of the to ta l 
present; w ith  a serum concentration of 10 mg% (2.4 mmol/L) th is  would 
be equiva lent to a change in  the ion ized sta te  from 7.5 to  7.0 mg% (1.8 
to  1,7 mmol/L), In  para thyro id  disease, i t  is  ra re  to see te tany u n t i l  
the to ta l  serum calcium  le v e l is  less than 7.0 mg% (Tenney & Lamb, 1965). 
Ganong (1969) suggested the fo llo w in g  expression:
k+ ,hco3~ .hpo4=
Tendency to te tany « ' ____ '
H-s- ++ +Ca .Mg .H
•The im p lic a tio n  o f th is  expression is  tha t tetany would appear at much 
h igher le ve ls  o f calcium  ion concentra tion  i f  the sub ject hyperven tila ted .
The symptoms th a t occur in  te tany are w e ll known. The most marked 
is  the adduction o f the thumbs to give the "main d*accoucheur". 
Paraesthesiae, fa s c ic u la tio n  and spasms occur also in  other parts  o f the 
body e sp e c ia lly  in  the fe e t, face and abdomen. Tests fo r  la te n t tetany 
include the fo llo w in g :
1» Trousseau's S ign. This involves p lac ing  a sphygmomanometer 
c u ff around the arm and in f la t in g  i t  to  above s y s to lic  pressure. A 
p o s it iv e  te s t w i l l  e l i c i t  carpal spasm,
2. ChvostelUs S ign, This is  e l ic i te d  by tapping the 7th c ra n ia l 
nerve in  f ro n t o f the ex te rna l aud ito ry  meatus, A p o s it iv e  te s t
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provokes a b r is k  muscular tw itch  on the same side o f the face .
3.o E rb ’ s S ign. This sign is  sought by applying a cu rren t to the 
skin  over a pe riphe ra l motor nerve and measuring the minimum cu rren t 
required to  produce a muscular con tra c tion . With la te n t te tany, a 
response can occur w ith  a cu rren t o f 5 mA. or less compared to  a
normal value o f 6 mA. or more.
The fa c t th a t te tany is  mediated by lo c a l conditions ra th e r than in  the 
b ra in  is  confirmed by the mechanism o f ac tion  o f Trousseau’ s s ign.
In  1932, King e t a l in  a study o f the e ffe c ts  o f various fa c to rs  on 
the knee je rk  concluded th a t h yp e rve n tila tio n  augmented the knee je rk .  
In h ib ito ry  in fluences from the h igher centres could, however, predominate 
and the knee je rk  could a c tu a lly  be dim inished. The excursion o f the 
leg could be reduced because o f the r ig id i t y  and the increased extensor 
tone.
E ffe c ts  o f H ype rven tila tion  on Higher Functions
V is io n . G ellhorn & Spiesman (1935a) reported an increase in  the la te n t 
period o f negative after-im ages in  subjects h yp e rve n tila tin g  v o lu n ta r i ly .  
The subjects also reported a b lu r r in g  and a decrease in  the in te n s ity  o f
the a fte r-im ages, s im ila r  to those described fo r  hypoxia. The authors
concluded th a t hypocapnia involved the v is u a l mechanism i t s e l f  and 
suggested th a t i t  caused a decrease in  e x c ita b i l i t y .  Unaware o f the 
e ffe c ts  o f h y p e rve n tila tio n  on the CBF, the authors discounted c irc u la to ry  
e ffe c ts  on the r e t in a l vessels as a co n tr ib u to ry  fa c to r ,  A fu r th e r  cause 
of b lu r r in g  o f v is io n  in  h y p e rve n tila tio n  suggested by B a iley (1967) is  
th a t o f te ta n ic  spasm o f the in tra o c u la r muscles, Gellhorn & Spiesman 
(1935b) also reported th a t hyperpnoea increased the number o f nystagmatic 
movements induced by c a lo r ic  s tim u la tio n  of the ex te rna l aud ito ry  meatus. 
They stated th a t the s ig n ifica n ce  o f th is  fin d in g  lay  in  the fa c t th a t 
hypocapnia the re fo re  a ffec ted  the brainstem in  the same way as i t  a ffec ted  
the sp ina l cord (e x c ita tio n ) but in  a d if fe re n t way to  th a t in  which i t  
a ffe c ted  the cerebra l co rtex  (depression), However, i t  is  ju s t  as l ik e ly  
th a t the re su lts  they obtained were due to the e ffe c t o f hypocapnia on 
the extraocu la r muscles.
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Hearing. Gellhorn & Spiesman (1935c) showed a reduction  in  hearing 
during h yp e rve n tila tio n ; they sta ted th a t the d im inu tion  was the same 
as th a t shown in  hypoxia. They also showed th a t the d im inu tion  o f 
hearing continued fo r  a w hile  a fte r  h yp e rve n tila tio n  had ceased.
Robinson (1958) on the other hand demonstrated no change in  the aud ito ry  
threshold fo r  a 4 kHz tone during h yp e rve n tila tio n  o f subjects to 
leve ls  o f less than 20 mm Hg. In  a d d itio n , he showed a s ig n if ic a n t loss 
o f " a r t ic u la t io n  p re c is io n " o f h yp e rve n tila tin g  subjects although, because 
h is  subjects spoke louder when they were h yp e rve n tila tin g  (thus achieving 
a b e tte r s ign a l/no ise  ra t io )  an o v e ra ll increase in  speech i n t e l l i g i b i l i t y  
was obtained.
Psychomotor Performance. Rushmer et a l (1941) were the f i r s t  to study 
the e ffe c ts  o f h y p e rve n tila tio n  on psychomotor performance. The task 
involved the tra n s fe r o f pegs on a board as ra p id ly  as possib le  w ith  the 
r ig h t  hand. There was a considerable v a r ia t io n  in  the response to  2 min 
o f maximum h yp e rve n tila tio n  (w ith  the tange between 16 and 24 mm Hg) .
Of the 10 sub jects, 2 were unaffected, 3 had 24 to 32% decrement and 5 had
37 to  41% decrement in  performance. Rahn e t a l (1946) studied the
performance of subjects h yp e rve n tila tin g  w ith  oxygen a t a simulated 
a lt itu d e  o f 30,000 f t .  The tes ts  th a t they studied were as fo llo w s :
1, A hand steadiness te s t ,
2, A choice re a c tio n  time te s t,
3, A m u lt ip l ic a t io n  time te s t,
4, A contact d is c rim in a tio n  te s t,
A l l  the tes ts  ind ica ted  th a t hypocapnia had l i t t l e  e ffe c t on performance 
u n t i l  P^CO  ^ fe . l l  below 25 mm Hg, With fu r th e r  f a l ls  o f P^C0^ performance 
d e te rio ra te d , Scow e t a l (1950) studied the fo llo w in g  4 tasks:
1, The f l ic k e r  fus ion  te s t ,
2, A p u rs u it te s t,
3, A tremor te s t.
40
4. A tapping test.
Subjects could not perforin the tes ts  w hile  h yp e rve n tila tin g  as deeply as 
possib le  a t 40 breaths/m in; subjects hyperven tila ted  fo r  one hour, w ith  
2 min res ts  when tetany occurred. The tes ts  were performed immediately 
a fte r  the hour o f h yp e rve n tila tio n  was ended. No a lte ra t io n  in  performance 
of any o f the tasks was found. The values were not reported. I t
is  the re fo re  l ik e ly  th a t Scow and h is  colleagues re s tr ic te d  themselves by 
not a llow ing  to  f a l l  fa r  enough and by not te s tin g  the performance
w hile  the h yp e rve n tila tio n  was proceeding. On the other hand, i t  is  very 
l ik e ly  th a t Rahn e t a l found th e ir  re su lts  clouded by the te tany th a t 
d id  occur during th e ir  te s ts , only one o f which was independent o f motor 
fu n c tio n . Gellhorn & Kraines studied the e ffe c t o f h yp e rve n tila tio n  
on the Kent-Rosanoff te s t (a word associa tion  te s t)  in  1937. They found 
th a t n on-sp e c ific  reac tion s , senseless associations and perseveration 
occurred, fa r  more than in  c o n tro l cond itions . The same re s u lts , but 
more exaggerated, were found in  th e ir  experiments w ith  hypoxia. Balke 
& L i l le h e i (1956) studied the e ffe c ts  o f hypocapnia on the performance 
o f a complex task which required the l in in g  up of l ig h ts  by hand and fo o t 
operated c o n tro ls . They reported tha t a t P^C02 values o f 20 to  25 mm Hg, 
performance f e l l  to  85% o f c o n tro l, and a t 14 mm Hg i t  f e l l  to  70% of 
c o n tro l, However, in d iv id u a l values were not presented although the 
authors sta ted th a t there was much v a r ia t io n . Stoddart (1965) studied 
re a c tion  time to  a v ig ila n c e  task during h y p e rv e n tila tio n . He reported 
a wide v a r ia t io n  between sub jects ; he also found th a t d e te r io ra tio n  in  
performance d id  not occur u n t i l  P^C02 had fa l le n  to  16 mm Hg a t a o f 
28 L/m in and 19 mm Hg a t a o f 18 L/m in. Stoddart the re fo re  suggested 
th a t the time taken to  achieve a given P^C02 was a s ig n if ic a n t fa c to r  in  
the development o f psychomotor changes,
' OTHER EFFECTS OF HYPERVENTILATION
Danielopolu & Savulesco (1928) demonstrated an increase in  g a s tr ic  
m o t i l i t y  (both in  the number and in  the force of the con trac tions) in
men h y p e rv e n tila tin g . They reported th a t in  one case, the stomach
appeared "dans un £ ta t de dem i-tdtanos" a fte r  which the organ d id  not
con trac t fo r  a long tim e.
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B a r t le t t  & P h il l ip s  (1960) suggested tha t hypocapnia may be p a rt 
o f the stim ulus fo r  e ry th ropo ies is  found in  hypoxia; th e ir  evidence from 
work in  mice could be suggestive th a t th is  hypothesis is  co rrec t but more 
work needs to be ca rrie d  out.
Since the body is  thrown in to  a s ta te  o f re s p ira to ry  a lk a lo s is , 
i t  is  l ik e ly  th a t in  prolonged h yp e rve n tila tio n  some adaptive or 
compensatory changes w i l l  be made. The main compensation is  l ik e ly  to  
be renal -  by means of sodium and potassium s h if ts ,  ch lo rid e  s h i f t  and 
decreased la c ta te  production . B rass fie ld  & Behrmann (1941) demonstrated 
th a t renal changes occurred re la t iv e ly  q u ick ly  (w ith in  one minute) during 
h yp e rv e n tila tio n . Thus the changes th a t are present in  the body caused 
by the a lka lo s is  might be expected to  rem it a f te r  a tim e. In  a d d itio n , 
as has been discussed e a r lie r  in  th is  chapter, i t  is  possib le  th a t cerebra l 
and systemic blood flows recover towards normal values during prolonged 
h yp e rve n tila tio n .
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CHAPTER 3
HYPERVENTILATION IN AVIATION -  A REVIEW OF THE LITERATURE 
INTRODUCTION
I t  has already been shown in  Chapter 1 th a t v e n t i la t io n  can be 
a ffec ted  by many o f the environmental fac to rs  found in  a v ia tio n . 
H ype rven tila tion  has been shown to occur w ith  hypoxia, v ib ra t io n , heat, 
co ld , pressure b rea th ing , res is tance  to re s p ira tio n , t ig h t  s trapping o f 
the chest and c e rta in  body postures. In  a d d itio n , anx ie ty , which is  
common during p i lo t  t ra in in g , is  a potent s tim u lan t to re s p ira tio n .
M iles (1957) shox^ed th a t even experienced d ivers exh ib ited  a
h yp e rve n tila tio n  a t re s t when connected to a standard d iv in g  mouthpiece;
«
mean V rose from 9.3 L/min to 15.3 L/m in. H ype rven tila tion  andii
p o s it iv e  acce le ra tion  have an a d d itive  e ffe c t (Brent e t a l,  1957). I t
would be o f in te re s t to  study fu r th e r  the im p lica tions  o f cu rren t 
proposals (e .g . G la is te r & L ish e r, 1976) to use p o s it iv e  pressure 
breath ing , i t s e l f  a stim ulus to  h yp e rve n tila te , as an a d d itio n a l means 
o f p ro te c tio n  against +6^. Sunahara e t a l (1957), suggesting th a t 
h yp e rve n tila tio n  w ith  less dense a ir  would be more e ffe c t iv e  than hyper­
v e n t i la t io n  a t ground le v e l,  fa i le d  to  demonstrate a greater lowering of 
PAC02 a t the same Vg a t 25,000 f t  than a t ground le v e l.
Hinshaw & Boothby (1941) were among the f i r s t  to  describe a case of 
in - f l ig h t  h yp e rve n tila tio n , Hinshaw h im se lf experiencing weakness, 
anx ie ty , numbness, fa in tness and t in g lin g  w hile  making an e a rly  solo 
f l i g h t  in  tu rb u le n t a i r .  They also described a case o f carpopedal 
spasm in  a p i lo t  tak ing  p a rt in  an a ir  race who had been shouting 
(? h yp e rve n tila tin g ) fo r  nearly  an hour to give h im se lf some G p ro te c tio n , 
Rushmer e t a l (1941), in  a study o f the e ffe c ts  o f h yp e rve n tila tio n , 
stated th a t h yp e rve n tila tio n  could be a hazard in  f l i g h t  fo r  the 
fo llox^ing reasons:.
1, I t  causes a f a l l  in  cerebra l performance,
2, lb  could cause in ca p a c ita tio n .
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3. P os t-h yp e rve n tila tio n  apnoea could lead to unconsciousness 
from hypoxia.
4. H ype rven tila tion , when using a constant flow  oxygen system 
th a t used a top-up of ambient a i r ,  could cause hypoxia.
U ih le in  & Boothby (1942) fo llowed up th is  work by re p o rtin g  2 fu r th e r  
inc iden ts  o f in - f l ig h t  h yp e rve n tila tio n  by passengers, in  which the hyper­
v e n t i la t io n  was severe enough to  cause te tany. At th is  tim e, questioning 
o f a ir l in e  attendants suggested th a t h yp e rve n tila tio n  in  f l i g h t  was 
common but not usua lly  recognised. U ih le in  & Boothby advocated th a t
the management o f such cases should be as fo llo w s :
1, Control the ra te  and depth o f v e n t i la t io n .
2, Rebreathing -  e ith e r  from a paper bag or from the then cu rren t
oxygen mask which had a rebreath ing re se rvo ir (the BLB mask).
3, Recognise the symptoms e a rly  and a lla y  the p a t ie n t 's  fe a r.
Hinshaw e t a l (1943) emphasized th a t h yp e rve n tila tio n  was of great im port­
ance in  a v ia tio n  medicine and stressed th a t s l ig h t  h y p e rv e n tila tio n  fo r  a 
long time could produce e ffe c ts  as de le te rious as severe h yp e rve n tila tio n  
fo r  a short tim e. Later in  the war, Rushmer & Bond (1944) reported 
th a t 16 cases o f in - f l ig h t  h yp e rve n tila tio n  had been co lle c ted  by the 
USAF School o f A v ia tio n  Medicine, They stated th a t h y p e rve n tila tio n  
had occurred in  f ly in g  tra in in g , combat f ly in g ,  in  simulated high a lt itu d e  
f l i g h t  and in  assoc ia tion  w ith  a ir  sickness. The emphasized again tha t 
h yp e rve n tila tio n  was most commonly a symptom of anx ie ty  or apprehension, 
and was there fo re  o ften  an in d ic a tio n  o f an im portant, em otional, long 
or short term maladjustment, H a ll (1952) warned th a t in  naive subjects 
or p a tie n ts , hyperven tila tion -induced  symptoms could cause even more 
an x ie ty , causing more h yp e rve n tila tio n . Copes (1964) f e l t  th a t the 
incidence o f h yp e rve n tila tio n  and i t s  se ve rity  could he reduced by the 
fo llo w in g  measures;
1, Examine a l l  accidents to  see i f  h yp e rve n tila tio n  had 
con tribu ted  to  them,
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2. Develop a continuous m onitoring device fo r  h yp e rve n tila tio n .
3'. Educate a ircrew  extens ive ly  on h yp e rv e n tila tio n .
4. In s tru c t a i r  t r a f f i c  c o n tro lle rs  ex tens ive ly  on the dangers
o f h yp e rve n tila tio n  in  a ircrew  and emphasize the dangers of
compounding an emergency s itu a tio n  by inducing i t .
The p o in t should be made, however, th a t the symptoms of h yp e rve n tila tio n
are s im ila r  to those o f hypoxia; anything th a t a p i lo t  is  in s tru c te d  to 
do in  a case o f h y p e rve n tila tio n  should not jeopard ize h is  s itu a tio n  i f ,  
instead, i t  happens to be hypoxia.
So fa r ,  i t  has been seen th a t the causes o f h yp e rve n tila tio n  e x is t
in  f l i g h t ,  and th a t h y p e rve n tila tio n  does occur. I t  is  now appropria te  
to  examine the methods a va ila b le  to  measure or detect i n - f l i g h t  hyper­
v e n t i la t io n , to  examine what is  known of the incidence, and to  describe 
some cases th a t have been co lle c te d  by the author.
' THE INVESTIGATION OF HYPERVENTILATION IN FLIGHT
In ve s tig a tio n  o f h yp e rve n tila tio n  in  a v ia tio n  proceeded along 2 
main avenues. The f i r s t ,  and s im pler, approach was to  make a 
re tro sp ec tive  diagnosis o f h y p e rv e n tila tio n , e ith e r from the h is to ry  
or from specia l tes ts  devised to  id e n t ify  cases,
Wayne (1957) came to  the conclusion th a t, on the basis o f c l in ic a l  
symptoms a lone, i t  was im p ra c tica l to  t r y  to d if fe re n t ia te  between hypoxia 
and h yp e rve n tila tio n . While Wayne! s work had the shortcoming th a t 
the experimental endpoint came too soon fo r  the c lass ic  carpopedal spasm 
o f h yp e rve n tila tio n  to develop f u l ly ,  h is  conclusions are s t i l l  la rg e ly  
v a lid ,  Moreover, i t  is  d i f f i c u l t  to d is tin g u is h  h y p e rve n tila tio n  
a r is in g  from hypoxia from h yp e rve n tila tio n  a r is in g  from other causes. 
H ype rven tila tion  inc iden ts  in  the a ir  have there fo re  to  be diagnosed 
by the exclusion o f the primary diagnosis o f hypoxia,
Another shortcoming o f the re tro sp ec tive  diagnosis o f hyper­
v e n t i la t io n  is  th a t i t  depends on scrupulously honest re p o rtin g  by
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the s u ffe re r. The in tens ive  h is to ry  tak ing , repo rt f i l i n g  and medical 
te s tin g  fo llo w in g  an i n i t i a l  re p o rt o f h yp e rve n tila tio n  in  the a ir  may 
discourage the p i lo t  from re p o rtin g  subsequent episodes. A ircrew  are 
also custom arily jea lous of any ac tion  th a t they th in k  may jeopardize 
th e ir  f ly in g  ca tegories. F in a lly ,  the re trospec tive  diagnosis of 
cases o f h yp e rve n tila tio n  w i l l  necessarily  miss those cases th a t ended 
in  fa ta l  crashes.
E l l is  & Wells (1962) measured several acid/base components in  the 
blood and u rine  o f p i lo ts  before and a fte r  f l i g h t ,  and co rre la ted  the 
re s u lts  w ith  measures o f estimated during the same f l ig h t .
They came to the conclusion th a t severe h yp e rve n tila tio n  could be 
detected by analysis o f blood and u rine  a fte r  f l i g h t  but tha t less severe 
h yp e rve n tila tio n  could be missed. However, they measured V.CO^ a 
dubious technique (see below) and they d id  not have access to  the p ilo ts  
u n t i l  about 15 min a fte r  land ing , so th a t i f  h yp e rve n tila tio n  had 
occurred recovery was w e ll under way. I t  is  the re fo re  apparent th a t 
the incidence o f in - f l ig h t  h yp e rve n tila tio n  tends to  be underestimated 
by the technique of re tro sp ec tive  ana lys is .
The second approach is  to  measure re sp ira to ry  va riab les  :j  in  f l i g h t .  
This has the disadvantages th a t the experimental technique o ften  in te rfe re s  
w ith  the primary task o f f ly in g ,  and th a t present equipment is  not small 
enough or not e le c tro n ic a lly  s tab le  in  the f l i g h t  environment. N orris  
(1964) measured re s p ira to ry  ra te  and pulmonary v e n t i la t io n  o f p ilo ts  
undergoing d iffe re n t, types o f s o r t ie ,  but concluded th a t re s p ira to ry  
ra te  alone d id  not provide enough evidence to  diagnose h yp e rve n tila tio n , 
Bailee e t a l (1956, 1957) and E l l is  & Wells (1962) measured leve ls  o f 
n’PA<^ 2 U 3'n r e a H ty , they a c tu a lly  measured PgCC^, For th e ir
assumptions to  be c o rre c t, would have to  remain constant during 
h yp e rv e n tila tio n . This is  discussed in  more d e ta il in  Chapter 7. As
Balke e t a l themselves perce ived, th e ir  approach o f assuming th a t 
was constan tly  re la ted  to  EgC02 was fa lla c io u s , although they hoped 
th a t the e rro r would be no more than ± 5 mm Hg, As w i l l  be seen in  
Chapter 7, the d iffe rence  between P^C02 aad EgC02 is  much h igher than 
5 mm Hg a t normal \L,, Murphy & Young (1968) pa in s ta k in g ly  measured 
p i lo t s '  P^CC^ values in  l ig h t  a i r c r a f t ,  using o ile d  syringes and
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sampling downstream of the e xp ira to ry  valve in  the mask. More re ce n tly , 
Gurvich & Martens (1973) and Genin e t a l (1975) have measured P*COA Z
values in  f l i g h t .  Gurvich & Martens measured P-CO.; Genin e t a lE Z
used a neat sampling device th a t employed the same p r in c ip le s  as the
one used by Rahn since 1947 (Rahn, 1954). This device takes small
d isc re te  samples a t the end o f each breath and then stores these samples
in  a rubber bag, thus g iv in g  a mixed P^CC^ le v e l. U n fo rtuna te ly ,
the size o f the sample and the size o f the rubber bag were not quoted by
Genin e t a l .  However, the design o f the mask was such th a t sa fe ty
pressure (a s l ig h t  p o s it iv e  pressure ins ide  the mask to  prevent inward
leaks) could not be held and the cabin a lt itu d e  did not r is e  above
500 metres. However, the re s u lts  (low re s tin g  P CO leve ls  o f 32 -ET Z
34 mm Hg) suggest tha t the apparatus was s t i l l  not c o lle c t in g  pure
e n d -tid a l e xp ira te . A t the RAF In s t i tu te  of A v ia tio n  Medicine,
measurements have been made o f in s p ira to ry  flow  patte rns in  f l i g h t
together w ith  measurements o f re s p ira to ry  ra te , in teg ra ted  minute volumes
and +G (Macmillan, personal communication). z
THE INCIDENCE OF HYPERVENTILATION IN FLIGHT
Briscoe (1918) made an analysis of the re s p ira tio n  o f h o sp ita lize d  
p i lo ts ;  she found a h igh p ropo rtion  o f rap id  shallow breathers although 
■there was no evidence to  associate th is  w ith  the stress of f ly in g .  
Determ ination o f P^C02 showed no dev ia tion  from normal. From then, 
u n t i l  the work done by Boothby and h is  associates in  the ea rly  1940s, 
very l i t t l e  work on the subject appears to  have been done. By 1944, 
the USAF School o f A v ia tio n  Medicine had co lle c te d  16 cases of in - f l i g h t  
h y p e rv e n tila tio n , Konecci (1956) was only able to  id e n t ify  8 cases 
o f h y p e rve n tila tio n  out o f 73 inc iden ts  occurring in  18 months in  the 
T33 a ir c r a f t ;  in  1958, Konecci in  an analysis o f 311 major a ir c r a f t  
accidents d id  not l i s t  h yp e rve n tila tio n  as a major cause in  any o f them, 
and o f 477 accidents in  1956, he a ttr ib u te d  4 to  h yp e rve n tila tio n .
A t the same tim e, M u llina x  & Dion (1958) reported th a t they found no 
evidence o f h y p e rve n tila tio n  during 40 rou tine  h e lic o p te r tra in in g  
f l ig h t s ,  although they recognised th a t th e ir  sampling methods were 
inadequate, Talbot (1958) obtained completed questionnaires from 
726 airmen in  the USAF forces in  Europe. Of the 620 questionnaires
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adm itting  in - f l ig h t  inc iden ts  o f hypoxia, e tc . ,  27 admitted to hyper­
v e n t i la t io n  (3.7% o f a l l ) .  However, only one had been severe enough 
to  cause unconsciousness. In  a survey of 1,980 USAF ground personnel's 
inc iden ts  o f loss o f consciousness, Lamb e t a l (1960) quoted only one 
re s u lt in g  from h yp e rve n tila tio n  and a fu r th e r  one re s u lt in g  from a ir  
sickness (which could have caused h y p e rv e n tila t io n ) .
On the other hand, Powell e t a l (1957) reported 3 cases of 
unconsciousness in  f l i g h t  as a re s u lt  o f in te ra c tin g  h yp e rve n tila tio n  
and G s tre ss ; They also suggested tha t hypoglycaemia and anxie ty could 
have played a p a rt in  the 3 cases. Balke e t a l (1956) obtained in - f l i g h t  
data o f PgC02 from 26 p ilo ts  in  85 f l ig h t s .  They estimated tha t 42% o f
samples showed evidence o f h yp e rve n tila tio n  (P-CO^ below 20 mm Hg). As 
discussed before, th is  incidence is  probably overestimated. Balke et 
a l d id  re fe r  to  the p i lo t s '  performance being a ffec ted  on occasions when 
th e ir  tensions were low but d id  not re fe r  to  any symptoms being
reported by the p i lo ts .  Balke e t a l (1957), using the same techniques, 
measured gas samples during je t  p i lo t  tra in in g  in  the T33 a ir c r a f t .
They confirmed (to  th e ir  c r i te r ia )  the evidence of in - f l i g h t  hyper­
v e n t i la t io n  and suggested th a t the incidence rose w ith  the performance 
c a p a b ilit ie s  o f the a ir c r a f t  being flown. In  a fu r th e r  analys is using 
the techniques o f Balke e t a l (1956), E l l is  & Wells (1962) confirmed the 
presence of h y p e rve n tila tio n  in  je t  a ir c r a f t  (39% o f the PfCO tensions
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were below 30 mm Hg). They also found more h y p e rve n tila tio n  during 
day f ly in g  when the students were exposed to  progress checks than a t 
n ig h t when they were no t, The blood and urine  data co rre la ted  w ith  
the re s p ira to ry  data , but the authors commented th a t the 15 min delay 
a f te r  landing before the blood and u rine  samples could be taken probably 
in fluenced the magnitude of the changes, D il le  (1966) stated th a t in  
the Western Region o f the EAA, h yp e rve n tila tio n  caused one documented 
accident or in c id e n t every 2 months, Murphy & Young (1968) measured 
minute volumes o f p ilo ts  in  l ig h t  a ir c r a f t  (25 p ilo ts  in  58 f l i g h t s ) ,
The h ighest minute volumes were recorded during ta k e -o ff.  They a lsot
found th a t VE was re la ted  to  f ly in g  currency: p ro fess iona l p ilo ts  breathed 
less than amateurs and the f i r s t  f l i g h t  o f the day provoked h igher minute 
volumes than subsequent f l ig h t s .  They measured P^CC^ in  10 p ilo ts  and 
found only one who exh ib ited  low values -  as low as 27 mm Hg, In  the 
absence o f lowered va^uesf they suggested th a t the h igher v e n t i la t io n
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volumes could r e f le c t  the muscular work in  the m a jo r ity  o f the p i lo ts .
These authors d id  comment th a t they found much less evidence o f hyper­
v e n t i la t io n  than Balke e t a l (1956). Pannier e t a l (1969, 1971a) 
reported on 13 cases o f h y p e rve n tila tio n  in  f l i g h t .  These were diagnosed 
re tro s p e c tiv e ly , and were manifested mainly by paraesthesiae. The major 
predisposing fa c to r in  most cases was psycholog ica l. Gurvich & Martens
(1973) reported evidence of h y p e rve n tila tio n  in  f l i g h t  and Genin e t a l
(1975) reported on the measurement o f P^CCL in  f l ig h t .  Genin e t a lEl Z
reported a mean f a l l  o f 5 mm Hg in  PT,rrC0o in  77 p ilo ts  on 172 s o r t ie s .El Z
A fu r th e r  f a l l  o f 3 -  4 mm Hg occurred during simulated emergencies.
They also recorded 7 cases o f f a l ls  to  as low as 22 -  25 mm Hg in
s itu a tio n s  such as engine fa i lu re  on ta k e -o ff,  landing in  high cross-winds, 
th re a t o f c o ll is io n ,  b lin d  f ly in g  and rebukes from the in s tru c to r .
They there fo re  suggested th a t the h yp e rve n tila tio n  resu lted  from 
emotional s tress . Munson (1973) reported th a t in  1971 and 1972, 98 
cases (54 d e f in i te ,  44 suspected) o f h y p e rve n tila tio n  had occurred in  
USAF a ir c r a f t .  This had been manifested by paraesthesiae in  58 cases.
The a ir c r a f t  involved in  79 cases had been tra in e r  a ir c r a f t .  Munson 
proposed th a t a ircrew  education in  the a e tio lo g y , e a rly  recogn ition  
and treatm ent o f h y p e rv e n tila tio n  would be the only, way o f reducing the 
incidence. However, 13 cases o f h yp e rve n tila tio n  occurred between 
Ju ly  and September 1975, so i t  is  apparent th a t the lesson has not been 
heeded, Work ca rr ie d  out a t the RAF In s t i tu te  of A v ia tio n  Medicine 
(Macmillan, personal communication) in  1976 on in s p ira to ry  flow  patterns 
in  f l i g h t  has revealed minute volumes as high as 39 L/m in ( in  a passenger
in  a +4Gz s p ira l descent). In  the same p r o f i le ,  even h igher values have
been recorded in  the p i lo t ,  although th is  must re f le c t  a greater amount 
o f muscular work in  f ly in g  the a ir c r a f t .  I t  would have been o f in te re s t 
to  have measured a t the same tim e,
CASE HISTORIES
The f i r s t  case is  th a t o f a housewife who experienced h y p e rve n tila tio n  
on the ground, and i t  is  included to i l lu s t r a te  the general medical 
unawareness o f the syndrome, even in  the face of c la s s ic a l symptoms,
I  am g ra te fu l to  Dr J A C o llings-W ells  fo r  a llow ing  me to  re p o rt on 
h is  p a tie n t. Subsequent cases are o f h y p e rve n tila tio n  in  the a ir ,  2
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of whom were fu r th e r  investiga ted  a t the RAF In s t i tu te  o f A v ia tion  
Medicine. The a ir c r a f t  involved were a long range reconnaissance 
a ir c r a f t  (a ir  s ig n a lle r ) ,  a f ig h te r  (student p i lo t ) ,  a bomber (student 
p i l o t ) ,  a je t  tra in e r  (student p i lo t )  and a tra nsport a ir c r a f t  (passenger). 
The cases im p lica te  fa c to rs  in  the ae tio logy  o f h yp e rve n tila tio n  such 
as pa in , anx ie ty , G s tre ss , hypoglycaemia and a lco ho l, as w e ll as one 
case in  which the cause is  unknown.
Case 1. This case involved a 30 year o ld , married woman when she 
was on ho liday in  Devon, She experienced a sudden onset o f sharp, 
abdominal pa in ; th is  pain was severe enough to make her want to  vom it.
She then developed t in g lin g  in  her fin g e rs , weakness o f the arms and 
fa in tn e ss , in  th a t order. She wanted to c a l l  fo r  help but could not 
move from the bathroom. Next, she developed t in g lin g  in  her fe e t 
and her fe e t f e l t  very co ld . At the same tim e, her hands and face 
went in to  spasm and she f e l t  very d is tressed . Her husband found her 
and helped her to  bed, but by the time a doctor had a rrive d  (about 15 
min) the a ttack  had eased, so th a t she only f e l t  pins and needles in  
her f in g e rs . Her abdominal pa in  had by th is  time disappeared. Later 
in  the same evening she had another a ttack  and the doctor was ca lled  
again. He diagnosed " b i la te ra l prolapsed in te rv e r te b ra l d iscs in  
the neck and back". By the time she was seen by the author in  an 
evening surgery one week la te r ,  she was very w orried th a t she would 
need a c e rv ic a l c o l la r ,  An explanation o f the symptoms and reassurance 
were a l l  th a t was needed to  keep her symptom-free u n t i l  the time of 
w r it in g  (6 months).
Case 2 , Case 2 was th a t o f an a ir  s ig n a lle r  in  a reconnaissance 
a ir c r a f t .  On the f i r s t  occasion, he became aware tha t he was breath ing 
more qu ick ly  and deeply than normal a fte r  some 5 hours o f f l i g h t  on 
a search and rescue s o r t ie , The a ir c r a f t  d id  not f l y  above 4,000 f t  
during th is  tim e. Although the f l i g h t  was moderately tu rb u le n t, he 
d id  not fe e l nauseated. He d id  not no tice  any symptoms o f h is  
overbreathing and he d id  not t e l l  h is  colleagues, A fte r  land ing, 
he had a glass o f beer and re t ire d  to bed although he was s t i l l  over- 
b reath ing ; he woke up next morning breathing norm ally. Three days la te r
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he again noticed th a t he was overbreathing a fte r  about 5 hours o f the 
s o r t ie ; he again experienced no symptoms and the overbreathing abated 
a fte r  landing. A fte r 30 min o f the subsequent s o r t ie , w h ile  f ly in g  a t 
between 7,000 and 8,000 f t ,  h is  breath ing again increased in  ra te  and 
depth. He experienced p a lp ita t io n s , palmar sweating and dryness o f the 
th ro a t and mouth. He had no other symptoms, and those th a t he d id  have 
eased on descent and disappeared a fte r  landing. Over the next 2 weeks 
he had 5 fu r th e r  episodes, each la s tin g  about 20 min, and each taking 
place on the ground ra th e r unexpectedly, fo r  example w h ile  he was 
watching te le v is io n . He was inves tiga ted  a t the RAF In s t i tu te  o f - 
A v ia tion  Medicine where no abnorm alities were found. He was hyper­
v e n tila te d  a t 20 L/min fo r  24 min to  a P CO of 23 mm Hg. He statedh i  Z
th a t the symptoms experienced during the in v e s tig a tio n  were much less 
severe than he had experienced in  f l i g h t .  The eventual outcome of th is  
case is  unknown.
Case 3. This case was o f an overseas student p i lo t  f ly in g  solo in  
a f ig h te r  tra in in g  a ir c r a f t .  A fte r  10 min a t a cabin a lt itu d e  of
23,000 f t ,  he f e l t  d izzy , drowsy and had cold fe e t. He increased h is  
cabin heating and selected 100% 0^ on h is  oxygen re g u la to r. He f e l t  
b e tte r  and there fo re  stayed a t th is  a lt itu d e  fo r a fu r th e r  10 min doing 
general handling manoeuvres. He then reselected the normal a ir  d i lu t io n  
on h is  regu la to r before descending to a cabin a lt itu d e  o f 10,000 f t  
fo r  the next p a rt o f h is  s o r t ie .  A fte r  a fu r th e r  10 min, he again 
f e l t  uneasy and reselected 100% 0^ fo r  the remaining 15 min of the s o r t ie . 
Ground checks of the 02 reg u la to r suggested tha t i t s  demand valve was 
s luggish in  operation and the techn ic ian  in  charge o f the in v e s tig a tio n  
thought th a t the reg u la to r showed more than usual res istance to  breathing 
on the a ir  d i lu t io n  s e ttin g . I t  was there fo re  suggested th a t the 
p i lo t 's  symptoms arose from h yp e rve n tila tio n  ra the r than hypoxia; 
res istance to  re s p ira tio n  could have caused the h y p e rv e n tila tio n , and 
i t  would help to  exp la in  the reappearance of symptoms a t a cabin a lt itu d e  
o f 10,000 f t  when the e ffe c ts  o f hypoxia would be m inimal,
Case 4 . On a c o -p ilo t  course handling check in  a bomber, the student 
flew  the ta k e -o ff ,  fo llow ed by a simulated emergency, and then climbed 
to  a lt itu d e .  A fte r  the student had le ve lle d  the a ir c ra f t  and had
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engaged a u to p ilo t, the in s tru c to r  noticed th a t the student was semi- 
comatose and tha t h is  breath ing was fa s t and shallow. His oxygen 
apparatus and connections were checked and found to  be normal. The 
cabin a lt itu d e  was 8,000 f t .  On descent he recovered s l ig h t ly ,  enough 
to  say th a t he had a severe headache and th a t he f e l t  fa in t .  He then 
became semi-conscious again. Medical examination on the ground revealed 
a m ild  pyrex ia , s l ig h t  hypoglycaemia (blood sugar o f 2.75 mmol/L (50 mg%)) 
and noth ing else o f note. Further in tens ive  examination at an RAF 
h o s p ita l revealed no abnorm alities and the p i lo t  returned to  f u l l  f ly in g  
d u tie s . I t  was suggested th a t h is  cond ition  was caused by a combination 
o f a m arg ina lly  low blood sugar le v e l and h y p e rv e n tila tio n . The 
in s tru c to r 's  opin ion was th a t, u n t i l  the student became semi-conscious, 
he had handled the s o r t ie  competently, w ith  only a s l ig h t  mistake 
causing too much yaw o f the a ir c r a f t  during an asymmetric overshoot.
Case 5 , A student p i lo t  was b r ie fe d  fo r  a solo general handling s o r t ie
in  a je t  tra in e r . A t an a ir c r a f t  a lt itu d e  o f 10,000 f t ,  he spent 5 min
doing steep tu rns , 10 min doing maximum ra te  turns (during which he
"greyed out" once) and 15 min doing aerobatics. He then s ta rted  to
perform a Cuban 8 manoeuvre, Halfway through the manoeuvre he became
unconscious; when he recovered consciousness, i t  was some time before
he rea lize d  th a t he was in  an a ir c r a f t .  He f e l t  l ig h t  headed, d izzy
and shaken, so he decided to  re tu rn  to base as soon as poss ib le . The
G meter readings fo r  the s o r tie  were -2 to  +5g. The next morning, he
flew  a repeat o f the s o r tie  w ith  h is  in s tru c to r .  A fte r  a few manoeuvres,
he complained o f t in g lin g  in  h is  fin g e rs . During a p u l l  up in  the
Cuban 8, the in s tru c to r  heard the studen t's  breath ing in te n s ify
d ra m a tica lly , and the student q u ick ly  lo s t consciousness. When the
student recovered consciousness, he was s t i l l  breath ing very ra p id ly .
No abnorm ality was found a t the s ta tio n  medical centre on e ith e r occasion.
This student was inves tiga ted  f u l ly  a t the RAF In s t i tu te  o f A v ia tio n
Medicine, There was no evidence from chamber tes ts  th a t he was unduly
se n s itive  to hypoxia or th a t he v e n tila te d  abnormally during exposure
to  simulated a lt itu d e s  o f 10,000 to 15,000 f t .  He showed no tendency
to  h yp e rven tila te  (as gauged by P CO ) during breath ing againstEl A
in s p ira to ry  resistances o f up to  1 kPa (4 in  wg), He then v o lu n ta r i ly  
hyperven tila ted  to m aintain h is  P^CO^ tensions a t 25 and then 20 mm Hg,
$ya-Lc.pntinuo.us. p o s it iv e  G manoeuvre
i i -a ■< ..j* . / ) A \  . - 44-*> r '• '
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At the f i r s t  le v e l, he noticed s l ig h t  t in g lin g  in  h is  finge rs  and a t
the second he noticed marked t in g lin g  and dyspnoea. Tx<ro f ro n ta l and 2
o c c ip ita l EEG traces x?ere recorded during th is  exposure to  hypocapnia.
There x^ as some increase o f fa s t xirave a c t iv ity  and alpha sp ind ling  as
the f e l l  but no other changes were apparent. Careful h is to ry
taking e lic i te d  the fac ts  th a t th is  student x^ as behind the re s t o f h is
class on f ly in g  hours, rated h im se lf in  the bottom 4 o f a class o f 16
fo r  f ly in g  a b i l i t y ,  found th a t events happened too fa s t fo r  him w hile
f ly in g  a je t  a ir c ra f t  and doubted h is  a b i l i t y  to become a f ig h te r  p i lo t .
I t  was concluded th a t he was a tense, underconfident p i lo t  who tended
to hyperven tila te  in  f l i g h t ;  h is  experiences of h yp e rve n tila tio n  x<rere 
*•
probably aggravated by the exposure to +Gz during the 2 s o rtie s .
Case 6 . During a f l i g h t  in  a transport a ir c r a f t ,  i t  was necessary to  
climb to an unpressurized he ight o f 12,000 f t .  A fte r  40 min, a 
passenger "co llapsed", but he recovered xrfien given oxygen and the a ir c r a f t  
descended to 10,000 f t .  When examined on a r r iv a l a t the d ive rs ion  
a i r f ie ld ,  the medical o f f ic e r  concluded tha t the case o f "hypoxia" 
was probably h yp e rve n tila tio n  exacerbated by the passenger’ s 
nervousness of f ly in g ,  lack o f food w ith in  the previous 12 hours and 
recent overindulgence in  a lcoho l.
DISCUSSION
I t  can he seen th a t h yp e rve n tila tio n  occurs in  f l i g h t  but th a t 
i t s  e ffe c ts  can va ry , i t s  in te n s ity  can vary and i t s  incidence is  
uncerta in , Balke e t a l (1957) suggest tha t the incidence of hyper­
v e n t ila t io n  rises  w ith  the performance c a p a b ilit ie s  o f the a ir c ra f t  
being floxm . G enera lly, tra in e r  a ir c ra f t  have lox?er performance 
c a p a b ilit ie s  than f ig h te r  a ir c r a f t ,  ye t most o f the inc idents  of hyper­
v e n t ila t io n  are reported in  tra in e r  a ir c r a f t  (e.g. Munson, 1973), I t  
could be th a t by the time th a t p ilo ts  graduate to re a lly  h igh performance 
a ir c r a f t ,  one of the fo lloxring  may have happened:
1, P ilo ts  x<ho h yperven tila te  may have been e lim inated fo r  the 
fo llo w ing  reasons:
a. They may have fa ile d  the f ly in g  course. I t  could be
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th a t the h yp erven tila to rs  are the ones who are unable to  cope.
I t  should be noted tha t in  the RAF, over 50% o f tra inee p ilo ts  
f a i l  to reach the operational conversion stage of tra in in g .
; b. They may have been grounded because o f psychological 
u n s u ita b i l i ty ,  e .g . anxie ty or fear o f f l i g h t .
c. They may have succumbed to accident or may have asked 
to be grounded fo llo w in g  an in c id e n t.
2. The p ilo ts  adapt to the environment and no longer hyperven tila te
3. The p ilo ts  become used to the symptoms o f h yp e rve n tila tio n  and
ignore them.
4. P ilo ts  recognise h yp e rve n tila tio n  (e.g. as a re s u lt o f tra in in g ) 
and there fore  no longer hype rven tila te .
5. F igh te r p ilo ts  are more l ik e ly  to be f ly in g  solo' (or dual in  
tandem) and are the re fo re  not under d ire c t observation from other 
a ircrew ; h yp e rve n tila tio n  is  not l ik e ly  to  be recognised or reported,
6. The p ilo ts  are suspicious o f the repo rting  system because o f
the danger of grounding or redundancy and there fo re  do not report
h yp e rve n tila tio n  in c id e n ts .
The in v e s tig a tio n  o f v e n tila t io n  in  f l ig h t  must in te r fe re  as l i t t l e
as possib le  w ith  the primary purpose o f the f l i g h t .  This e ffe c t iv e ly
elim inates any invasive  measurements. Measurement o f V„ alone does not
i i
take in to  account muscular work. Measurement o f f  alone is  equa lly 
in e f fe c t iv e , ' As seen in  th is  chapter and also in  Chapter 7, measurement 
o f is  o f dubious value. F in a lly ,  measurement o f P^CO^ is
te c h n ic a lly  d i f f i c u l t  and is  a ffec ted  by acce le ra tion  when the v e n t ila t io n  
perfus ion ra t io  o f the lung is  a lte re d . However, the worst possible 
case would be a v e n tila te d , unperfused lung, and th a t would only ra ise  
the P C0o by about 6 mm Hg, The most f r u i t f u l  way there fo re  of
B  Z «
estim ating v e n tila t io n  in  f l i g h t  would invo lve the measurement o f Vp
and P C02, The C02 meters to  be developed would need to  be m in ia tu rized
stab le during v ib ra t io n , decompression and over wide ranges o f temperature
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I t  should also be remembered th a t P-^CCL should be measured as close
E l  Z
to  the lip s  as poss ib le ; i f  i t  is  measured downstream of a mask 
exp ira to ry  va lve , then the dead space of the mask should be as small 
as poss ib le .
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CHAPTER 4
THE EFFECTS OF APPREHENSION ON VENTILATION 
INTRODUCTION
Some o f the e a r lie r  workers to  recognise the dangers of hyper­
v e n t i la t io n  in  the a ir  were Hinshaw & Boothby (1941)> Rushmer e t a l 
(1941) and U ih le in  & Boothby (1942). They stressed th a t even m ild  
h yp e rve n tila tio n  could produce a decrement in  performance, and Hinshaw 
e t a l (1943) stated tha t prolonged, m ild h yp e rve n tila tio n  could be as 
de le te rious a<s profound h yp e rve n tila tio n  of shorter dura tion . Bailee 
e t a l (1956, 1957) studied in - f l ig h t  h yp e rve n tila tio n  and concluded 
th a t h yp e rve n tila tio n  in  the a ir  was .common, and th a t the incidence 
rose w ith  the performance c a p a b ilit ie s  o f the a ir c r a f t  flown, Murphy 
& Young (1968) found th a t amateur p ilo ts  hyperven tila ted  more than 
p ro fess iona l p i lo ts ,  and th a t the f i r s t  f l i g h t  of the day e lic i te d  
more h yp e rve n tila tio n  than subsequent ones, Munson (1973) reported th a t 
79 cases (out o f a to ta l, o f 98) o f h yp e rve n tila tio n  occurred in  
USAF tra in e r  a ir c ra f t  in  1971 -  1972,
There are several p re c ip ita t in g  fac to rs  fo r  h yp e rve n tila tio n  tha t 
are normally found in  f l ig h t ,  for. example resistance to  breath ing, 
pressure breath ing, v ib ra t io n , chest compression by re s tra in t  harnesses 
and heat or co ld . The most commonly quoted cause of h yp e rve n tila tio n  
(e ,g , Rushmer & Bond, 1944; Engel e t a l,  1947) is  apprehension, Hinshaw 
& Boothby (1941) s ta te  th a t cases o f h yp e rve n tila tio n  on the ground 
had occurred in  England as acute m anifestations of anx ie ty  during a ir  
ra id s . However, r e la t iv e ly  few authors have d ire c t ly  studied the 
e ffe c ts  o f apprehension on re s p ira tio n , fo r  example Finesinger (1944) 
and Haward (1955)., The experiment described in  th is  chapter studied 
the re s p ira to ry  e ffe c ts  o f a psycho log ica lly  s tre s s fu l s itu a tio n  on 
subjects compared to  a co n tro l s itu a tio n , The e ffe c t o f subject 
experience in  the s tre s s fu l s itu a tio n  was also stud ied.
METHODS
One o f the most anxie ty-provoking pieces of apparatus a t the RAF 
In s t i tu te  o f A v ia tion  Medicine is  the lin e a r decelerator track , which
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was f u l l y  d escrib ed  by Dutton (1 9 7 4 ). The track  len g th  i s  46m and the  
t e s t  v e h ic le  i s  p r o p e lle d  by a v a r ia b le  number o f  s tr e tc h e d  rubber cord s. 
On r e le a s e ,  the v e h ic le  a c c e le r a te s  fo r  26m and then c o a s ts  fo r  13m 
b efo re  i t  i s  a r r este d  by h y d ra u lic  energy d is s ip a t o r s .  The su b je c ts  
were shown a dem onstration  impact w ith  a peak d e c e le r a t io n  o f 12G and 
were to ld  th a t t h is  was the d e c e le r a t io n  th a t they would e x p e r ie n c e .
The experim en tal d e c e le r a t io n s  were a c tu a lly  ca r r ie d  out a t  5G so th a t  
oth er s tu d ie s  could  be c a r r ie d  out a t  the same tim e. The c o a s tin g  speed  
during the experim en ta l runs (6 .9  ms  ^ or 1 5 .3  mph) was the same as 
shown to  the su b je c ts  during the dem onstration . The s tu d ie s  th a t were 
ca r r ie d  out in  co n ju n ctio n  w ith  th is  experim ent measured psychomotor 
perform ance, h eart r a te  and angular a c c e le r a t io n  o f th e  head; th ese  
s tu d ie s  w i l l  be rep orted  e lsew h ere (Reader, p erson a l com m unication).
The experim en ta l p r o to c o l i s  shown d iagram m atically  in  F igure 2 .
Measurements were made o f  P^CCrt te n s io n s  and r e sp ir a to r y  r a te ;  P„mCO_ET 2 e ET 2
was measured u sin g  an AEI MS4 r e sp ir a to r y  mass sp ectrom eter , the output 
o f  which was d isp la y ed  by a d ir e c t -w r it in g ,  h o t - s t y lu s  pen record er . 
R esp ira tory  r a te  was e x tr a c te d  from th e  t r a c e s .  C a lib r a tio n  g a se s ,  
p r e v io u s ly  analysed  by Lloyd-H aldane apparatus, were used which spanned 
the expected  range o f S ince each su b je c t  wore a b i t e - p la t e  on
which was mounted an a c c e le ro m e te r , he had to  b reath e through h is  nose; 
su b je c ts  th e r e fo r e  wore a nose mask in to  which the sam pling probe o f  the  
mass spectrom eter was in s e r te d . The nose mask i s  shown in  F igu res 3a ,
3b and 3 c , and th e  r e s is ta n c e  which i t  o ffe r e d  to  b rea th in g  w ith  the  
mass spectrom eter probe in s e r te d  i s  shown in  F igure 4 . P revious  
t e s t in g  had e s ta b lis h e d  th a t the nose mask was com patib le w ith  the  
prod u ction  o f  a c c ep ta b le  P^CO^ tr a c e s .
A fter  i n i t i a l  f i t t i n g  o f th e  ECG e le c tr o d e s  and b i t e p l a t e ,  the  
su b je c t  made h is  way to  the s t a r t  o f the track  where he strapped in to  
th e  s e a t .  The e le c tr o d e s  and a ccelerom eters were con n ected , the nose  
mask was f i t t e d  and the su b je c t  was g iven  a f in a l  b r ie f in g .  Four 
4 min epochs o f a tra c k in g  ta sk  then fo llo w ed  w ith  2 min breaks between  
each  epoch. At the end o f th e  second 2 min break, and im m ediately  
b efo re  the th ir d  epoch,. th e  su b je c t  was p r o p e lled  a lon g  the tra c k , The 
th ir d  epoch o f the ta sk  s ta r te d  a t  the in s ta n t  o f im pact.
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F igure 2. Diagram o f Experim ental P r o to c o l.
Figure 3a. Nose Mask.
F igure 3b, Nose Mask Showing Mass 
Spectrom eter Probe S ock et.
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F igure 3 c . Nose Mask and B ite  P la te  in  P o s it io n .
Mass Spectrom eter Probe In se r te d .
C a lib r a tio n s  of PC02 were made w h ile  the su b je c t  was strap p in g  in ,  
between epochs 1 and 2 o f the ta sk  and during epoch 3 o f  the ta sk . The 
mass spectrom eter probe was removed from the mask during the countdown 
from 5 to  0 b efo re  the su b je c t  was f ir e d  down the tra ck . The 
experim en ta l se t-u p  a t the s ta r t  o f  the track  i s  shown in  F igu res 5a 
and 5b.
S ix te e n  su b je c ts  were u sed , o f whom 8 were unaware o f the reason  
fo r  the experim ent and who had not been on the d e c e le r a to r  b e fo r e . 
D e ta ils  o f the su b je c ts  are g iven  in  Table 5 , Some su b je c ts  (a llo c a te d  
randomly, w ith  on ly  the track  operator knowing which) exp erien ced  a
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F igure 4 , P ressu re /F low  C h a r a c te r is t ic s  o f Nose Mask.
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F igure 5a. Experim ental A pparatus.
Table 5
D e ta ils  o f Experim ental S u b jects
Sub ject Age Experienced on Track & 
Knew Nature o f Expt. 
Yes/No
Live Run (L) or 
Sham + L ive (S)
JJ 30 Yes S
TB 26 No L
RJ 25 No S
BL 32 Yes S
PP 29 No L
DR 41 Yes L
MG 28 Yes S
SC 22 No S
RW 22 No S
RA 22 No L
AA 22 No L
DG 41 Yes L
IB 38 No L
DM 22 Yes L
MW 34 Yes S
PV 37 Yes L
sham run where the su b je c t  was not sen t down the track  at the end of 
the countdown. In the sham s i t u a t io n ,  the 4 ta sk  epochs were allow ed  
to f in i s h  a t  the s t a r t  end o f the tra c k . The su b je c t  was then g iven  a
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15 min r e s t  b e fo re  b e in g  exposed to  a l i v e  run fo llo w in g  the same 
p r o to c o l. D e ta ils  o f su b je c ts  having sham runs are a lso  g iven  in  
Table 5 .
At the end o f the run , each su b je c t  was d eb r ie fed  on th e  reason  
fo r  the experim ent and he was to ld  what peak G he had been exposed to .  
Each su b je c t  was then ordered n ot to  d isc u ss  the experim en ta l c o n d itio n s  
w ith  anyone u n t i l  the e n t ir e  experim ent was over .
S u b jects  rep orted  a t  a la t e r  date to  have c o n tr o l measurements 
made o f Egi/ ^ 2  an(  ^  ^ an an ordinary lab oratory  e lsew h ere in  the I n s t i t u t e .  
S u b jects  aga in  wore the nose mask and breathed n a s a l ly .  On th is  
o c c a sio n , PE,j,C02 was measured u s in g  an SRI MS8 r e sp ir a to r y  mass 
sp ectrom eter . Each c o n tr o l p eriod  la s te d  fo r  4 min, w ith  c a lib r a t io n s  
b ein g  made im m ediately b e fo re  and a f t e r .  Because o f  the d i f f e r e n t  
mode o f o p era tio n  o f the MS8 mass sp ectrom eter , (se e  Chapter 6 fo r  
f u l l  d e t a i l s ) , the te n s io n s  were co rrected  fo r  w ater vapour
to  b r in g  them in to  l in e  w ith  the te n s io n s  measured by the MS4 mass 
sp ectrom eter .
' RESULTS
Mean P _C0 v a lu e s  fo r  the 4 min of each o f epochs 1 and 2 , the  Ei 1 Z
2 min (1 min 50 s fo r  a l i v e  run, 1 min 57 s for  a sham run) between  
epoch 2 and f i r in g  down the tra c k , and the 4 min o f  c o n tr o l are shown 
in  Table 6 and F igu re  6 , Mean Pg^CO  ^ v a lu es  comparing exp erienced  
su b je c ts  w ith  in ex p er ien ced  su b je c ts  are shown in  F igure 8 . Values  
o f f ,  e q u iv a le n t  to  the v a lu es  o f P^CO^ shown in  Table 6 , are shown 
in  Table 7 and F igu re 7.
A nalyses o f v a r ia n ce  showed th a t;
1, Experim ental v a lu e s  o f  P C0o on the track  were s ig n i f ic a n t lyEl 2
lower than c o n tr o l v a lu e s  (P < 0 ,0 0 1 ) ,  There were no s ig n i f ic a n t
d if fe r e n c e s  between th e  measurement p er iod s on the track  or between
l iv e  and sham r u n s .
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V alues o f P„„,CO on the Track and During C ontrol  ....   ..............& I— -------------------- *------------- ----------------------
Table 6
Subject
PETC02 (mm Hg)
Sham Live
Epoch 1 Epoch 2 Between 
2 and 3
Epoch 1 Epoch 2 Between 
2 and 3
Control
mean se mean se mean se mean se mean se mean se mean se
JJ 44 .5  0 .2 39 .0  0 .2 36 .7  0 .2 4 3 .0  0 .1 4 2 .2  0 .1 4 0 .8  0 .2 41 .2  0 .1
RJ 38 .7  0 .1 4 2 .2  0 . 1 41 .8  0 . 2 42 .5  0 .1 40 .8  0 .1 39 .5  0 .2 4 2 .9  0 . 1
BL 36 .9  0 .1 39 .1  0 .2 38 .1  0 .1 32 .4  0 .1 30 .5  0 .2 3 3 .0  0 .2 4 2 .2  0 .2
MG 36 .0  O'! 1 3 6 .0  0 . 1 36 .3  0 .2 3 4 .0  0 .1 3 4 .3  0 .1 3 4 .6  0 . 1 40 .7  0 . 1
SC 3 7 .2  0 .1 3 6 .4  0 .2 3 5 .0  0 .6 34 .2  0 .3 34 .6  0 .3 3 5 .0  0 .5 42 .5  0 .3
RW 3 7 ,8  0 .1 39 .1  0 . 1 38 .4  0 .2 3 9 .3  0 .1 39 .9  0 . 1 3 9 .9  0 .2 4 3 .3  0 . 2
. MW 37 .0  0 .1 35 .2  0 ,1 36 .0  0 .2 3 5 .6  0 . 1 3 5 .8  0 . 1 3 6 .3  0 .1 42 .2  0 .2
TB 3 6 .6  0 .1 3 4 .0  0 .1 3 5 .0  0 .2 4 3 .8  0 .2
PP 3 8 .0  0 . 1 3 7 .0  0 .1 3 3 .5  0 .3 43 .2  0 .2
DR 3 2 .4  0 .1 3 3 .3  0 .2 3 2 .8  0 .2 43 .7  0 . 1
RA 4 1 .0  0 . 1 4 0 .0  0 .1 39 .5  0 .2 4 2 .7  0 . 1
AA .. 3 8 .0  0 .1 38 .5  0 .1 37 .5  0 .3 41 .7  0 .1
DG 3 7 .3  0 ,1 3 7 .0  0 .1 3 6 .8  0 .1 37 .9  0 .3
IB 35 .5  0 .1 3 5 .2  0 .1 3 3 .6  0 .3 4 2 .1  0 . 1
DM 3 9 .2  0 .1 3 9 .0  0 .1 3 9 .9  0 .2 4 2 .1  0 . 2
. PV 2 8 .4  0 .2 2 6 .0  0 . 1 2 8 .6  0 . 2 42 .7  0 . 2
2 , , Experim ental v a lu e s  o f  f  on the track  were s ig n i f i c a n t ly  h igh er  
than c o n tr o l v a lu es  (P < 0 ,0 0 1 ) ,  There were no s ig n if ic a n t  
d if fe r e n c e s  between the measurement p er io d s on the track  or between  
l i v e  and sham ru n s.
3. Values o f  P^-CO^ shown by in exp erien ced  su b je c ts  on th e  trackEl L
were s ig n i f ic a n t ly  h igh er (P < 0 .0 1 )  than th ose  shown by exp erien ced  
s u b je c t s . There were no s ig n i f ic a n t  d if fe r e n c e s  between th e ir  
c o n tro l v a lu e s .
I t  sh ou ld , how ever, be noted  (se e  F igure 8) th a t a lthou gh  th ere  was a 
s t a t i s t i c a l  d if fe r e n c e  between the P^CO^, v a lu es  o f exp er ien ced  and 
in exp erien ced  s u b je c t s ,  t h i s  can be a scr ib ed  to  th e  r e sp ir a to r y  a c t i v i t y  
o f 3 su b je c ts  o n ly . I t  i s  p o s s ib ly  c o in c id e n ta l th a t a l l  3 were 
exp erien ced  s u b je c t s ,  but i t  i s  a ls o  p o s s ib le  th a t they knew what was 
coming to  them and d id  n o t l ik e  the thought!
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Table 7
R esp ira tory  Frequency on the Track and During C ontrol
Su b ject
f (breaths/m in)
Sham L ive
Epoch 1 Epoch 2 Between 
2 and 3
Epoch 1 Epoch 2 Between 
2 and 3
C ontrol
JJ 23 ,8 2 1 . 0 16 .0 2 4 .0 23 .5 15 .4 16 .0
RJ 20 .5 20.0 17 .3 19.5 18 .8 16.5 10.5
BL 19 .8 18 .0 16 ,8 16 .8 17 .0 1 6 .0 1 5 .3
MG 17.0 16 .3 1 2 . 2 15.8 16 ,3 12.7 6 .5
SC 2 3 .0 22.5 17 .9 2 1 . 0 2 0 .3 17.6 14 .0
RW 18.8 18.5 19 .9 18.8 19 .0 19,8 1 1 . 8
. MW 18.8 18.5 18 .5 18.8 1 8 .8 18.0 11 .3
TB 16,5 17.8 9 .9 7 .3
PP - 2 6 .3 2 5 .8 23 .7 10 .5
DR 1 2 .3 1 1 . 8 1 1 . 0 1 1 . 8
RA 19 .3 18 .8 14 .9 10.5
AA 17.8 18 .3 16.5 1 1 . 8
DG 20.8 2 0 .5 18.7 14.5
IB 17 .3 16 .5 15 .4 5 .0
DM 19.0 1 9 ,0 15 .3 8 .5
. PV 21.5 20.8 2 2 . 1 8 .3
DISCUSSION
I t  i s  apparent from the r e s u l t s  th a t  p la c in g  su b je c ts  on a l in e a r  
d e c e le r a to r  tra c k , and t e l l i n g  them th a t they are going  to  ex p er ien ce  a 
d e c e le r a t io n , im poses a s t r e s s  on them. This s t r e s s  m a n ife s ts  i t s e l f  in
t
a h igh er  r e sp ir a to r y  r a te  than c o n tr o l;  t h is  in c r e a se s  V. w hich, in  turn ,A
r e s u lt s  in  a lower Pg,j,C02 than c o n tr o l ,  .The type o f s t r e s s  ap p lied  f a l l s  
in to  one of th e  c a te g o r ie s  d escrib ed  by McGrath (1970); the ca tegory  i s  
a "m anipulation o f p h y s ic a l s t im u li  in v o lv in g  a c tu a l or a n t ic ip a te d  
p h y s ic a l pain  or d isr u p tio n  o f  p h y s io lo g ic a l  h om eostasis" , G rossberg &
W ilson (1968) showed th a t im agin ing f e a r f u l  s it u a t io n s  produced a s ig n i f ic a n t ly  
g rea ter  h eart r a te  in  fem ale su b je c ts  than im agining n e u tr a l s i t u a t io n s ,
P atk a i (1974) em phasizes th a t ,  even w ith  sim ple p h y s ic a l s t im u li ,  the  
s u b j e c t ’s r e a c t io n s  can be a lte r e d  by the g iv in g  o f in s tr u c t io n s .  Thus 
th e  a n t ic ip a t io n  o f p a in  can produce the same r e a c t io n s  as pain  i t s e l f .
I t  i s  th e r e fo r e  hard ly  s u r p r is in g  th a t th ere  was no s ig n i f ic a n t  d if fe r e n c e  
in  or f  between l i v e  or sham runs, Schnore .(1959) p o in ted  out th a t
4 p h y s io lo g ic a l  param eters, v i z ,  h ea r t r a te ,  blood p r e ssu r e , r e s p ir a t io n
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r a te  and forearm  m uscle te n s io n , could  be used to  d i f f e r e n t ia t e  between  
low and h igh  aro u sa l s t a t e s  in  human s u b je c ts . Reader (p erson a l 
communication) measured tach ycard ia  in  su b je c ts  in  t h is  experim ent 
j u s t  b e fo re  d e c e le r a t io n  and t h is  study has shown an in crea sed  r e sp ir a to r y  
freq u en cy . With 2 o f the 4 measures su ggested  by Schnore dem onstrably  
r a is e d , i t  i s  probable th a t su b je c ts  in  th is  experim ent were h ig h ly  
aroused . H arrison & Saxton (1976) reported  a lso  th a t  apprehension  could  
have a "confounding e f f e c t  upon the p h y s io lo g ic a l  v a r ia b le s  used as 
in d ic e s  o f therm al s t r e s s " .
This experim ent has shown th a t overbreath ing  does occur in  resp on se  
to  the p a r t ic u la r  s t r e s s  o f a n t ic ip a t in g  rapid  d e c e le r a t io n . I t  cannot 
be sa id  th a t the psychomotor ta sk  i t s e l f  drove r e s p ir a t io n  s in c e  th ere  
was no s ig n i f ic a n t  d if fe r e n c e  fo r  P^CC^ or f  v a lu e s  on the track  
between ta sk  epochs 1 , 2 and the 2 min gap b efore  d e c e le r a t io n . The 
h y p e r v e n t ila t io n  th a t occurred on the track  was n ot unduly severe  when 
mean v a lu es  are co n sid ered , but s e v e r a l in d iv id u a ls  d id  a ch ieve  low 
l e v e l s  o f PE(j,C02 in  response to  the a n t ic ip a t io n  o f a s t r e s s  th a t i s  not 
unduly se v e r e .
S tr e ss  has o fte n  been shown to  a f f e c t  perform ance, fo r  example Combs 
& Taylor (1952) and Berkun (1964). In t h is  experim en t, any decrement 
in  psychom otor perform ance would probably a r is e  from the d ir e c t  e f f e c t  
o f apprehension on -the psychomotor ta sk  u sed . I t  i s  u n lik e ly  th a t  a t  
the l e v e l s  m easured, P^CC^ could  p la y  any p art in  producing a decrem ent. 
H y p erv en tila tio n  could  produce a decrement by reducing cere b r a l b lood flow  
(CBF) and thus producing cere b r a l hyp ox ia . U sing R e iv ic h 's  form ula (1964) 
(se e  Chapter 2) , the CBF for  the c o n tr o l and track  mean P^CC^ and fo r  the  
low est recorded in d iv id u a l mean v a lu es  were c a lc u la te d ;  th e se  are
shown in  Table 8 .
Table 8
CBF C a lcu la ted  ftom  P„mC0o accord ing to  R e iv ich  (1964)... —•*—-—— ~— — —— -— JL1——2 * *— :  -
S itu a t io n FETC°2  
.mm H g.
CBF
m l/lO O g/m in.
CBF
% of c o n tr o l
C ontrol 42 .2 5 4 .2 100
Track 36 ,8 47 .6 88
PV (Track) 2 6 .0  . 35 .7  ........... 66 . . .
70
Thus one su b je c t  could  have exp erien ced  a 34% red u ctio n  o f  CBF and
the group on the track  could  have had a mean red u ctio n  o f 12% o f CBF.
I t  must be emphasized th a t the form ula derived  by R e iv ich  r e la te d  to
rhesus monkeys; however, F igu re 1 shows th a t the r e la t io n s h ip  between
P C0o and CBF found by R e iv ich  i s  very s im ila r  to  th a t  found fo r  humans a z
by oth er  r e se a r c h e r s .
The rev iew  o f the l i t e r a t u r e  recorded in  Chapter 2 r e v e a ls  th a t
psychomotor decrement should not become apparent u n t i l  P CO f a l l s  belowa z
25 mm Hg, In the experim ent rep orted  h ere , no su b je c t  became th a t
hypocapnic and th e r e fo r e  no decrement in  perform ance due to  hypocapnia
cou ld  be ex p ected . However, h y p e r v e n t ila t io n  d id  occur, in  the group
as a whole and in  some su b je c ts  in  p a r t ic u la r . Exposure o f  th e se
s u s c e p t ib le  su b je c ts  to  the o th e r , norm ally found, s t im u li  encountered
in  f l i g h t  could  fu r th e r  low er th e ir  P CO ten sio n s  to  dangerous l e v e l s .El Z
The p o s s i b i l i t y  o f  a d d it iv e  hypocapnia r e s u lt in g  from exposure to  the  
oth er  s t r e s s e s  o f th e  f l i g h t  environm ent i s  both r e a l  and d is q u ie t in g .  
Furtherm ore, as d iscu sse d  e a r l i e r ,  hypocapnia low ers the to le r a n c e  to  
+Gz s t r e s s .  However, h om eosta tic  resp on ses to  the o th er  s t r e s s e s  and to  
h y p e r v e n t ila t io n  e x i s t  which cou ld  p r o te c t  the body to  some e x te n t  from  
the e f f e c t s  o f h y p e r v e n t ila t io n , e .g .  ta ch y ca rd ia .
•CONCLUSIONS
A degree o f overb reath in g  does occur when su b je c ts  are p laced  in  
a p s y c h o lo g ic a l ly  s t r e s s f u l  s i t u a t io n .  Some s u s c e p t ib le  su b je c ts  
h y p e r v e n t ila te  m arkedly, but n ot to  a l e v e l  th a t would, o f i t s e l f ,  be 
dangerous in  f l i g h t .  I t  i s  l ik e l y  th a t  any fu r th e r  h y p e r v e n t ila t io n  
produced by o th e r , even m ild , s t r e s s e s  in  the a ir  cou ld  produce an 
a d d it io n a l low ering  o f su sc e Pta^ le su b je c ts  to  l e v e l s  where
a psychomotor decrement cou ld  be found.
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CHAPTER- 5
The e f f e c t s  o f h y p e r v e n t ila t io n  on cereb ra l fu n c tio n  are o f  obvious  
im portance in  a v ia tio n ., where a decrem ent in  perform ance can lead  to  
d is a s t e r .  The major cau se  o f h y p e r v e n t ila tio n  i s  a n x ie ty , In a v ia t io n ,  
many other s t r e s s e s  e x i s t  th a t can cause h y p e r v e n t ila tio n  (se e  Chapter 1 ) ,  
The in c id en ce  o f  h y p e r v e n t ila t io n  in  f l i g h t  has been stu d ied  in  th e  p ast  
in  2 ways. The f i r s t  i s  th e  r e tr o s p e c t iv e  a n a ly s is  o f  i n - f l i g h t  
in c id e n ts  and a c c id e n ts ;  th e  second approach i s  to  study i n - f l i g h t  
v e n t i la t io n .  The tech n iq u es used have been review ed in  Chapter 3 ,
The s e r ie s  o f experim ents reported  here began as an attem pt to
develop  a sim ple f i e l d  t e s t  for  h y p e r v e n t ila t io n , based on a reb rea th in g  
tech n iq u e fo r  m easuring P-CC^. B efore immediate p o s t - f l i g h t  
reb rea th in g  e s tim a te s  o f P”C02 could  be e n te r ta in e d , i t  was n ecessa ry  
to  d e f in e  what happened to  th e  P^CC^ and P”C02 v a lu e s  during exposure  
t o ,  and recovery  from , h y p e r v e n t ila t io n ,
METHODS
Four s u b je c t s , 3 o f  whom were experienced  in  r e sp ir a to r y  m anoeuvres, 
were used throughout th e  s e r ie s  o f experim ents; d e t a i l s  o f  th e se  su b je c ts  
are shown in  Table 9, B efore s ta r t in g  th e  experim ent each su b je c t  was
thoroughly tra in ed  in  th e  u se  o f  th e  apparatus.
THE RELATIONSHIP BETWEEN P-COy, AND P ^ CO©
INTRODUCTION
Table 9
D e t a il s  o f Experim ental Su b jects
Subject Age H eightcm
Weight
ka
MG 27 181,2 78 .5
JG 29 176 .9 66 ,5
BP 35 182,2 77 .5
CS 32 172,2 69 ,5
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S u b jects  la y  h o r iz o n ta lly  on a couch, breath in g  from th e c ir c u i t  shown 
in  F igure 9, The apparatus was e s s e n t ia l ly  th a t d escr ib ed  by D enison  
(1 9 6 9 ),
The apparatus c o n s is te d  o f  th e  fo llo w in g :
1 , A b reath in g  c ir c u i t  fo r  h y p e r v e n t ila t io n .
2 , A gas a n a ly ser ,
3 , A reb rea th in g  c i r c u i t ,
The h y p e r v e n t ila t io n  b reath in g  c ir c u i t  c o n s is te d  o f compressed gas sources  
c o n tr o lle d  by p ressu re  reducin g v a lv e s  and m onitored by accu ra te  p ressu re  
gauges. The gases  passed  through so n ic  o r i f i c e s  to  a m ixing f l u t e ,  through  
a rotam eter and low p r e ssu r e , w ide bore hosin g  to  a r e se r v o ir  bag, The 
la r g e s t  bulk  gas (a ir )  en tered  th e  m ixing f lu t e  most d i s t a l l y  in  order to  
wash th e  other gases  a lo n g . From th e  r e se r v o ir  bag, th e  gas passed  
through a sp rin g  load ed , n o n r e tu r n  v a lv e  and a D ouglas tap to  th e  s u b je c t .  
The r e se r v o ir  bag was la r g e  enough (5 L itr e )  and th e  v a lv e s  so s e t  th a t  
no through flo w  to  ambient occurred u n t i l  th e  su b je c t  had m issed 3 b reath sf
a t a o f  30 L/m in. M inute volume was m onitored on a rotam eter (10 -  
100 L/min) and a lte r e d  by c o n tr o l l in g  the flo w  o f compressed a i r ,  Carbon 
d io x id e  could  be added to  th e  in s p ir a te  in  the m ixing f l u t e  and i t s  f lo w  
was se p a r a te ly  m onitored on a rotam eter (100 -  1 ,000  m l/m in ), An 
autom atic t im e r /b lee p e r  gave th e  in s p ir a to r y  s ig n a l to  th e  su b je c t;  a t  
each b leep  he had to  in s p ir e  from the r e se r v o ir  bag u n t i l  i t  was empty, 
R esp ira tory  r a te  was c o n tr o lle d  a t  20 b reath s/m in .
The r e s is ta n c e  to  f lo w  p resen ted  by th e  h y p e r v e n t ila t io n  b reath in g  
c ir c u i t  i s  shown in  F igu re 10,
The reb rea th in g  c ir c u i t  c o n s is te d  o f the apparatus to  p rov id e  th e  
gas m ix tu res , a 5L rubber bag and a Douglas tap , Compressed gas b o t t l e s  
su p p lied  la b e lle d  w ith  5% Argon, 0^ and C02 to  3 r e s e r v o ir s ,  o f which  
the r e se r v o ir  for  th e  in e r t  gas was th e  la r g e s t ,  The amount o f each gas 
d e liv e r e d  could  be changed by a l t e r in g  th e  ap p rop ria te  p ressu re  reducing
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F igure 10. P ressu re /F low  C h a r a c te r is t ic s  o f H y p erv en tila tio n  C ir c u it .
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v a lv e .  The en try  and e x i t  taps o f th e  3 r e s e r v o ir s  were ganged in  
p a r a l le l  so th a t th e  r e s e r v o ir s  could  be f i l l e d  and d isch arged  
s im u lta n eo u sly . The c ir c u i t  was arranged so th a t th e  in e r t  gas 
flu sh ed  th e  other 2 r e s e r v o ir s  as th e  gas was d isch arged  to  th e  reb rea th in g  
bag. The reb rea th in g  bag could be evacuated by a vacuum pump a f te r  
each r e b rea th in g . The su b jec t was in s tr u c te d , a f te r  a countdown from  
5 to  0 , to  exh ale  to  r e s id u a l  volum e, turn the Douglas tap in to  the  
reb rea th in g  c i r c u i t ,  in h a le  to  empty th e  bag, and then to  b reath e  
m axim ally a t approxim ately  one c y c le /se c o n d  to  a ch iev e  as much gas 
movement between lungs and bag as p o s s ib le  u n t i l  to ld  to  s to p . The 
su b je c t  then returned to  th e  h y p e r v e n t ila t io n  c i r c u i t .
Two pulmonary v e n t i la t io n s  were stu d ied  -  m inute volum es o f 20 
and 30 L/m in, S u b jects  s ta r te d  th e  experim ent b rea th in g  a t one or th et
other V w ith  C0o added to  th e  in s p ir a te  to  m ainta in  th e  P C0„ a tX Z t jL jl A
3 8 ,5  mm Hg, The experim ents were performed w ith  th e  V^ , s e t  throughout
in  order to  m ain ta in  th e  work o f b reath in g  c o n sta n t, In a d d it io n ,  
th e  s ta r t in g  p o in t was c o n tr o lle d  to  attem pt a more s a t i s f a c t o r y
c o n tro l over P~C02 , thus a llo w in g  a standard p latform  from which to
launch in to  the C02 w ashout. A fter  2 c o n tro l e s tim a te s  o f  P-C02 , and 
a f te r  had s ta b i l iz e d  aga in  a t  3 8 ,5  mm Hg, th e  added C02 was
withdrawn from th e  in s p ir a t e ,  thus a llo w in g  a washout o f CC>2 from th e  
body, A fter  th e  washout had continued  fo r  th e  period  under stu d y , a 
fu r th er  e s tim a te  o f P"C02 was o b ta in ed . Carbon d io x id e  was then added 
to  th e  in s p ir a te  a t  th e  same r a te  as during th e  i n i t i a l  c o n tr o l p e r io d ,f
w h ile  th e  su b jec t m aintained th e  same V„, P-C0o was measured a t s e tI  v 2
in te r v a ls  during r e co v ery , The p er io d s o f washout stu d ied  were g m in,
1 , 2 , 5 , 10 , 30 and 60 m in, During t h is  tim e P^CO,, was measurediii Z
co n tin u o u s ly .
As F arhi & Rahn (1960) p o in ted  o u t , th e  body s to r e s  o f C02 can take  
se v e r a l hours to  a d ju s t , With t h is  in  mind, no su b je c t  performed more 
than one washout o f  g r ea ter  d u ra tion  than 10  min in  any one day.
M onitoring o f th e  com p osition  o f r e sp ir e d  gases  was by mass 
sp ectrom etry . An AE1 MS4 and then  la te r  an SRI MS8 mass spectrom eter
76
were u sed , and th e se  were lin k ed  to  d ir e c t  w r it in g , hot s ty lu s  
r e c o r d e r s , C a lib r a tio n  g a se s , p r e v io u sly  analysed  by Lloyd-H aldane  
apparatus, were used which spanned th e  expected  range o f v a lu e s  o f PC0 2>
In a reb rea th in g  e s tim a te  o f P-CCL, a g a s - f i l l e d ,  bag-lu ng system
Y , 2 (C o l lie r ;  1956) 
i s  a llow ed  to  mix and th e  gases e q u i l ib r a te .  The e a r ly  part o f th e
record  i s  d is to r te d  by m ix in g , th e  m iddle part i s  a p la tea u  whose l e v e l  i s
determ ined by th e  volume and com p osition  o f th e  gas in  th e  bag and by th e
P-C02 , and th e  la t e r  part o f th e  record can be d is to r te d  by r e c ir c u la t io n
and in t e r s o lu b i l i t y  e f f e c t s ,  M ixing o f the lung-bag system  was m onitored
by ob serv in g  th e  eq u ilib r iu m  o f th e  argon in  th e  n itr o g e n  as i t  cy c led
between lung and bag. P-C02 v a lu e s  were obtain ed  by m easuring the
p la tea u  l e v e l  o f CC>2 ach ieved  between the 6th  and 10th seconds o f
r eb r ea th in g . On th e  few  o cc a sio n s  when a s a t is fa c t o r y  eq u ilib r iu m
( i . e .  sim ultaneous p la tea u x  on th e  02 and C02 t r a c e s ,  each w ith  a s lo p e
o f l e s s  than 0 ,1  mm H g/second) was n ot a ch iev ed , P^C02 was ob tain ed  in
th e  manner d escrib ed  by D enison (1 9 6 9 ), by e x tr a p o la t in g  th e  6 to  10
second l in e  to  20 secon d s, and tak in g  th a t as th e  v a lu e ,
RESULTS
S u b jects  reported  th e  u su a l symptoms during th e  period  o f  hypocapnia, 
i , e ,  p a r a e s th e s ia e , m uscular spasm s, sw e a tin e ss , co ld  e x tr e m it ie s ,  
s le e p in e s s  and d im in ished  aw areness. I t  was n o ted , however, th a t  
su b je c ts  became l e s s  aware o f th e  p a r a e s th e s ia e  a f te r  30 min o f hyper­
v e n t i la t io n  a t 30 L/m in. I t  i s  worth n o tin g  th a t no su b je c t  in  th e  
p resen t study became u n co n sc io u s, a lthou gh  PETC02 f e l l  to  as low as 
9 ,7  mm Hg in  one su b je c t  and P”C02 to  as low as 12 ,1  mm Hg in  an o th er .
Mean v a lu e s  o f  P C0o and P~C0o during 20 and 30 L/min washout are  
i i  X Z V z
shown in  Table 10, Mean v a lu e s  o f  PE^C02 and P~C02 during 20 and 30 L/min
recovery  from 60 min washout ( th e r e fo r e  n = 4) are shown in  Table 11,
F u ll  data  may be ob ta in ed  from th e  au thor. The mean washout and recovery
v a lu e s  o f PE^CG2 are graphed in  F igure 11, The v a lu e s  from th e  washout
are from a l l  experim ents; mean v a lu e s  o f P„_,C0o in  th e  f i r s t  30 seconds
i l l  z
o f washout are th e r e fo r e  means o f 28 v a lu e s ;  s im i la r ly ,  means a t 35 min
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Table 10
Mean Washout Values of PE^C02 and P~C02
PETC02 P-C00 v  2
20 L/min 30 L/min 20 L/min 30 L/min
Time n mmHg se mmHg se n mmHg se mmHg se
0 56 3 8 ,2 0 . 1 3 8 .4 0 . 1 56 4 6 .0 0 , 2 45 ,3 0 . 2
10 sec 28 3 3 .0 0 .3 3 0 ,4 0 . 2 - - - -
20 sec 28 3 1 ,5 0 ,3 28 .8 0 .3 - - - -
30 sec 28 3 0 .6 0 ,3 2 7 ,9 0 ,3 4 4 3 .6 0.6 4 1 .4 0 ,3
40 sec 24 3 0 ,0 0 .4 27 .2 0 ,3 - - -
50 sec 24 29 .5 0 ,3 26 ,7 0 ,3 - - - -
1  min 24 29 .2 0 .3 2 6 .0 0 .3 4 4 1 .0 1 , 0 39 ,4 0 , 2
2 min 20 27.3 0 ,4 23 ,6 0 .3 4 37 .8 0,6 3 5 ,2 0 ,7
5 min 16 24 .2 0 ,4 20 ,3 0 . 2 4 33 ,4 0,6 31 .3 0 ,6
10 min 12 22 ,5 0 ,5 17 .2 0 .5 4 29.1 0.6 2 4 ,6 0 ,9
15 min 8 21,3 0 ,6 1 6 .0 0 .5 - - - - -
20 min 8 19 .8 0 ,7 1 5 .2 0 ,5 - - - - -
25 min 8 18 .6 0 ,7 14 .5 0 ,6 - -» - -
30 min 8 18 .0 0 .7 13 ,8 0 .6 4 26.3 0 .5 1 9 .9 1 .5
35 mixi 4 17 .1 0 .9 13 ,3 0 ,9 - -
40 min 4 16 ,4 0 .8 12,7 1 . 2 - - - -
45 min 4 15 .9 0 .9 1 2 .4 1 .3 - - *"• - -
50 min 4 15.7 0,8 1 2 , 2 1 .4 - - -
55 min 4 15 .2 0 .7 1 2 . 0 1 ,3 - - , « -
60 min 4 1 4 .9 0,8 1 1 , 8 1 . 2 4 19.8 0 .9 15 .5 1 ,5
Table 11
Mean Recovery V alues o f  anc*
p
ETC02 P-C0o ‘ * ' v 2
20 L/min 30 L/min 20 L/min 30 L/min
Time’ ' n mmHg se mmHg se mmHg se mmHg' se
2 min 4 23,7 0.6 25 .4 0 ,9 25 .9 1 , 1 23 ,8 1 . 0
5 min 4 27 ,9 0,8 3 0 .6 0 .9 29.7 1 , 1 2 9 ,6 1 . 0
10 min 4 30 ,4 0,8 3 4 ,4 0 .9 34 .0 1 . 0 35 .8 1 ,3
15 min 4 31 .7 0.8 3 6 .0 0 .5 3 6 .8 1 ,7 3 9 .6 0 , 6
20 min 4 32 .7 0 ,7 3 6 ,5 0 , 2 38 ,7 1 ,3 4 1 .6 1 . 0
25 min 4 3 3 .6 0 .8 3 7 .0 0 .3 40 ,3 1 ,5 43 ,3 1 .3
30 min 4 3 4 .4 0 .7 3 7 .5 0 ,4 40 ,7 0.8 4 4 ,1 1 , 1
35 min 4 3 5 ,4 0 .7 3 7 .6 0 .4 4 0 ,8 1 , 0 4 4 ,1 1 ,3
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and su b seq u en tly  are means o f 4 v a lu e s .  I t  i s  n ot p o s s ib le  to  show
th e standard error bars on F igu re 11; 46 o f th e  56 p o in ts  d ep ic ted  would
have standard error bars o f l e s s  than + 1 , 0  mm lon g  on th e  s c a le  u sed , and
th e  g r e a te s t  standard error bar would be + 1 ,8  mm lo n g , The mean washout
and recovery  P"C02 v a lu e s  are graphed in  F igu re 12, In t h is  f ig u r e ,  each
P-C0„ i s  th e  mean o f  4 v a lu e s  s in c e  each P-C0o obta in ed  during washout V 2 v 2 D
r e p r e se n ts  th e  endpoint o f one experim ental w ashout. A gain , i t  i s  not 
p o s s ib le  to  show th e  standard error bars on t h is  f ig u r e ;  6 o f  th e  16 p o in ts  
d ep ic ted  would have standard error bars o f l e s s  than +1 , 0  mm long on th e  
s c a le  used and th e  g r e a te s t  would be + 1 ,9  mm lo n g .
The mean c o n tro l P„rT1C0o was 3 8 ,3  + 0 ,9  (SD) mm Hg, and th e  mean c o n tro lal Z —
PKJO  ^ was 4 5 ,6  + 1 ,7  mm Hg. C ontrol o f PE,jC02 was s a t i s f a c t o r y  and th ere  
was no s ig n if ic a n t  d if f e r e n c e  between th e  c o n tro l v a lu e s  obta in ed  a t th e
f
2 l e v e l s  o f V^. C ontrol o f  PE(j,C02 then c o n tr o lle d  P~C02 a d eq u a te ly , and 
th e re  was no s ig n if ic a n t  d if f e r e n c e  between c o n tro l v a lu e s  ob ta in ed  a t  
th e  two m inute volum es,
Once washout o f C02 s ta r te d , th ere  was an immediate d if f e r e n c e  in  
PErpC02 between the two m inute volum es, The d if fe r e n c e  was very  h ig h ly  
s ig n if ic a n t  (P < 0 ,0 0 1 ) even a f te r  on ly  10 seconds o f w ashout. Washout 
o f  C02 during h y p e r v e n t ila t io n  a t 30 L/min was more sev ere  than a t 20 L/min 
a t a l l  tim es during th e  washout (P < 0 ,0 0 1 ) ,  During th e  r e co v ery , however,
• f  *
P-C02 and i>Erp602 a t  a o f  30 L/min recovered  f a s t e r  than a t  a V^ . o f  
20 L/min (se e  F igu res 11 and 1 2 ) , T his i s  because th e  experim ental
d e s ig n  would make th e  recovery  tend to  be a r e c ip r o c a l o f the w ashout.
The s t a t i s t i c a l  a n a ly ses  used were a n a ly ses  o f v a r ia n c e ,
DISCUSSION
S in c e , as was ex p ected , th e  shape o f th e  washout and recovery  curves  
appeared to  fo llo w  a power law , a computer program was used to  tr y  to  f i t  
ex p o n e n tia ls  to  th e  v a lu e s  o f PE ,^C02 and P~C02 g iven  in  T ables 10 and 11, 
S in g le  ex p o n en tia l curves were f i t t e d  in  th e  form o f th e  equation
PC02 = c + b ,e " a t ,
The v a lu e s  o f  c ,  b and a ob tain ed  are shown in  Table 12,
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Table 12
D e ta ils  o f E xponentia l Curves F it te d  to Experim ental Data
VI Measure S ta te c b a c + b
L/min
20
PETC02
Washout
Recovery
16 ,1
33 ,7
16 ,1
-1 7 ,9
0 ,0 9 4
0 . 2 2 1
3 2 .2
15 ,8
P- C° 2 WashoutRecovery
22 ,9
41 ,3
2 1 . 8
- 20.6
0 .141
0 .108
44 .7
20 .7  •
30
PETC° 2
Washout
Recovery
V 3,2
36 .7
18 ,2
-2 4 .3
0 ,2 6 9
0 ,3 1 6
31 .4
12 .4
P-C° 2 WashoutRecovery
17 .5
4 4 .3
25 ,9
-2 7 .9
0 ,1 3 6
0 .1 2 5
4 3 .4
16 .4
From th e  eq u ation  PC02 = c + b ,e  ? th e  asym ptote i s  g iven  by th e
term ( c ) . The in te r c e p t  on th e  FC02 a x is  ( i . e ,  when t  = 0) i s  g iven  by
th e  term (c + b ) ; th e se  v a lu e s  are shown in  Table 12 , Thus th e  ?C02
v a lu e  a t th e  s ta r t  o f  h y p e r v e n t ila t io n  washout i s  g iv en  by (c + b) and
th e v a lu e  to  which th e  washout proceeds i s  g iven  by ( c ) ; th e  v a lu e  a t
which recovery  s t a r t s  i s  g iven  by (c + b) from th e recovery  ex p o n e n tia ls
and th e  le v e l  a t which recovery  ends i s  g iven  by ( c ) , I t  can be seen  th a t
th e  estim ated  in te r c e p ts  on th e  PC0o a x is  a t tim e zero fo r  th e  P^CO-2 ET 2
washout s t a t e s  are lower than th o se  observed .
Many s tu d ie s?  e .g ,  Farhi & Rahn (1 9 5 5 ), Vance & Fowler (1960) and
Stoddart (1965) accep t a "body pool" id ea  fo r  C02 s to r e s ;  th e  la t t e r  2 
s tu d ie s  su ggest th a t washout occurs from a m ulticom partm ental body s to r e .
I t  i s  c le a r  th e r e fo r e  th a t more than one exp on en tia l washout o f C02 i s  
seen  a t th e  l i p s  during h y p e r v e n t ila t io n . These workers dem onstrated a 
"lung" compartment o f C02 w ith  a very  short h a lf  l i f e .  The lo s s  o f  th e  
lung compartment washout data in  th e  f i r s t  few seconds o f washout could  
e x p la in  why th e  s in g le  ex p o n en tia l f i t t e d  curves s t a r t  lower on the PC02 
a x is  than th e  observed c u rv es. T his i s  not seen in  th e  P“C02 curves  
because th e  e s tim a tio n  o f P"C02 by th e  reb rea th in g  method n e c e s s i t a t e s  
e q u ilib r a t io n  o f th e  venous blood and lung compartments w ith  th e  bag o f  g a s .
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Xt may a lso  be seen  from Table 12 th a t the washout and recovery  
e x p o n e n t ia ls , apart from being  ir v e r s io n s  o f each o th e r , d i f f e r  in  shape. 
T his could  be because recovery  was in te r sp e r se d  w ith  r e b r e a th in g s ,
F igure 13 shows an experim ental tr a c e  w ith  P^CO^ f i r s t l y  l e s s  than 
( s e c t io n  A), equal to  ( s e c t io n  B), a reb rea th in g  ( s e c t io n  C) and
f i n a l l y  P^CC^ g rea ter  than ( s e c t io n  D) . Simple c a lc u la t io n  can
dem onstrate th a t when P^CC^ < reb rea th in g  manoeuvre h inders
r e co v ery , when P^CO^ = ^x^^2 2't  ^as n° e ^^e c t  on recovery  and when 
PE C^C>2 > 3't  a dds r e co v ery ,
jjyJ V;
Argon
ru_
-  50 
Pco2 mm Hg
“.co ! - 0
Irwv
Time (sec)
F igure 13, Experim ental T race, showing pj C02 > •PeTC°2 PI C02 ~ PETC02
(B }? a reb rea th in g  (C) and PjC02 < PETC02 (D) ,
Because we are in te r e s te d  in  d e te c t in g  p rev iou s h y p e r v e n t ila t io n  
in  a p i l o t ,  a reb rea th in g  e s tim a te  o f P“C02 would have to  be performed 
very  soon a f te r  the end o f h y p e r v e n t ila t io n  to  be o f any v a lu e . F urther­
more, d ia g n o s is  o f p rev iou s h y p e r v e n t ila t io n  by a s in g le  reb rea th in g
e stim a te  o f P~C0„ would be u n r e l ia b le ,  fo r  reason s th a t fo llo w ,  v I
I f  a s tr a ig h t  l in e  C02 d i s s o c ia t io n  curve e x is t e d ,  the stead y  s t a t e
r e la t io n s h ip  between P-C0o and P^CCL would be a l in e  p a r a l le l  to  th e  l in eV Z JiX Z
o f id e n t i t y  p a ssin g  through th e  p o in t (P-CC>2 -  4 5 ,6 ,  PETC02 = 3 8 ,3 ) ,
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T his appears as l in e  A in  F igu re 14, The e f f e c t  o f  th e  a l in e a r i t y  
o f th e  CO^  d is s o c ia t io n  curve on th e  r e la t io n s h ip  between and
P^CO^ in  the stead y  s t a t e  may be c a lc u la te d  from th e  data  o f Kelman (1 9 6 7 ). 
The r e s u lt in g  l in e  appears as l in e  B in  F igure 14. T his l in e  wast
c a lc u la te d  fo r  a V0o o f  250 ml/min? a r e sp ir a to r y  exchange r a t io  o f 0 ,8 5  ♦ z i •
and a Q o f 5 L /m in» In th e  stead y  s ta te ?  a change o f  V02 or R or Q 
w i l l  change th e  s lo p e  o f th e  l i n e ,  The e f f e c t  o f changing R was c a lc u la te d  
and i s  sh o w  in  F igure 15 , I t  can be seen th a t as R ten ds to  zero? so th e  
r e la t io n s h ip  tends to  th e  l in e  o f id e n t i t y .  S im ilarly?  when R i s  
n e g a tiv e  (during C02 a s s im ila t io n )  th e  r e la t io n s h ip  would l i e  below th e  l in e  
o f id e n t i t y .
T his experim ent? however? d id  not study stead y  s t a t e  c o n d it io n s , The#
n et e f f e c t  o f  th e  experim ent was to  in c re a se  V sudd en ly . When t h isA
happens? th e re  i s  an immediate f a l l  in  P-^CO- which cau ses a f a l l  in  th eEi. Z
P C0o , T his change i s  not i n i t i a l l y  r e f le c t e d  in  the venous blood  a z
re tu rn in g  to  th e  lungs -  i , e ,  th e  AP _ C00 in c r e a s e s . I f  the c ir c u la t io n, v -a  z
tim e were i n f i n i t e l y  f a s t  or Q i n f i n i t e l y  large?  th e re  would be no la g .
Thus a l l  th e  v a lu e s  o f P-CQ- corresponding to  v a lu e s  o f P^^CO- would l i ev z « Ei z
on l in e  B on F igure 14, I f  Q were very  sm all? P^CC^ would i n i t i a l l y
f a l l  very  r a p id ly  w ith  r e sp e c t  to  P-C0o ( l in e  C on F igure 1 4 ) , S im ila r ly ?. v z
i f  VC02 rose? th e  AP^^CC^ would appear g rea ter  and th e  i n i t i a l  d e v ia t io n  
from l in e  B would be g r e a te r , I f  VC02 f e l l  u n t i l  a stead y  s t a t e  e x is te d ?  
th e  d e v ia t io n s  from l in e  B would be ze ro . During recovery? th e  r e v e r se  
arguments may be applied? and th e  r e la t io n s h ip  between P~C02 ancl P C02 
would l i e  on th e  other s id e  o f the stead y  s ta t e  l i n e .  Again th e  d e v ia t io n
» 9 0 9
would be a f fe c te d  by VC02 and Q, In fa ct?  both VC02 and Q are f in i t e ?
and th e r e fo r e  th e  d e v ia t io n  from l in e  B during C02 washout and recovery  
l i e s  between th e  extrem es d e sc r ib e d , As th e  end o f a long washout 
approaches? or as f u l l  recovery  approaches? a near stead y  s t a t e  again  
ensues and th e r e fo r e  th e  d e v ia t io n  from l in e  B d im in ish e s , I t  can  
th e r e fo r e  be seen  th a t th e  n et e f f e c t  o f washout and recovery  on th e
r e la t io n s h ip  between and PE^C02 i s  a loop? th e  area o f which must be
in v e r s e ly  r e la te d  to  Q and d ir e c t ly  r e la te d  to  VC02 ? i . e ,
9
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Figure 14. The Steady S ta te  R e la tio n sh ip  Between P-C0„ and P COv 2 ET 2
During H y p e rv e n tila tio n  -  Theory. Line A assumes a 
s tr a ig h t  l in e  CO^  d is s o c ia t io n  cu rve , l in e  B assumes the  
a lin e a r  curve and l in e s  C and D show the e f f e c t  o f  
departure from the stead y  s t a t e .
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F igure 15. The E f fe c t  o f  the R esp ira tory  Exchange R atio  on the
Steady S ta te  R e la tio n sh ip  Between P-CO and P CO
v 2 ET 2
(c a lc u la te d  from the data o f Kelman, 1967) .
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T his experim ent i s  a study o f th e  r e la t io n s h ip  between ^“^0^ and 
in  two unsteady s t a t e s  beginn ing from th e same c o n tro l s t a t e .
The v a lu e s  o f  P-C0o obtain ed  a t th e  end o f each washout a t 30 L/min inv i
su b jec t 4 were graphed a g a in st  th e  corresponding v a lu e s  o f P ^ C ^ ;  
s im i la r ly ,  v a lu e s  o f P"C02 obta ined  during recovery  from 60 min hyper­
v e n t i la t io n  a t 30 L/min in  su b je c t  4 were p lo tte d  a g a in s t  th e  correspond ing  
v a lu e s  o f PETC09 ; th e se  are shown in  F igure 16, The stead y  s t a t e  l in e  B
from F igure 14 i s  shown as th e  dashed l in e  in  F igu res 16 , 17 and 18, I t
may be seen  from F igure 16 th a t th e  r e la t io n s h ip  between P^C02 and PETC02 
during h y p e r v e n t ila t io n  may be d escrib ed  as a lo o p , and from F igu res 17 
and 18 i t  may be seen  th a t t h is  loop i s  la rg e r  during h y p e r v e n t ila t io n  a t  
30 L/min t h a n ' i t  i s  a t 20 L/m in, I t  may a lso  be seen  th a t near th e  end 
o f  washout or near th e  end o f recovery  a stead y  s t a t e  alm ost e x is te d
and d e v ia t io n  from th e  stead y  s t a t e  l in e  was m inim al,
McEvoy e t  a l  (1974) a ls o  found, in  d i f f e r e n t  c ircu m sta n ces, th a t  
th e  AP^^CC^ could vary  in  th e  unsteady s t a t e ,  They stu d ied  p a t ie n ts  
whose P"C02 ranged from 42 to  84 mm Hg and whose P CO2 ranged from 27 to  
65 mm Hg,
I t  th e r e fo r e  fo llo w s  th a t a s in g le  e stim a te  o f P^C02 may correspond  
to  q u ite  a range o f  TE^C02 v a lu e s ,  Sim ultaneous knowledge o f  PE^C09 
and P”C02 would o n ly  h elp  to  f i x  a p o in t on a lo o p , but th e  shape and 
p o s it io n  o f th e  loop  and th e  tim e course around i t  would be governed by 
oth er  f a c t o r s .  The im p lic a t io n  i s  th e r e fo r e  th a t knowledge o f the  
P-CC>2 v a lu e  on i t s  own does not help  much in  q u a n tify in g  p rev iou s hyper­
v e n t i la t io n ,  T his f a c t ,  coupled w ith  the ex p o n en tia l natu re  o f re co v e r y , 
makes th e  id ea  o f a sim ple f i e l d  t e s t  fo r  h y p e r v e n t ila t io n  based on a 
s in g le  reb rea th in g  e s tim a te  o f P”C02 o f  dubious v a lu e ,
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Figure 16. The Time Course o f the R e la tio n sh ip  Between P-CCL and
v 2
PETC°2 DurinS H y p e rv en tila tio n  a t 30 L/m in. The p o in ts  
are d erived  from the end p o in ts  o f  the washout p er io d s and 
the recovery  from 60 min h y p e r v e n t ila t io n , both  in  su b je c t  4
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F igure 17. The R e la tio n sh ip  Between P“C02 and During
H y p e rv e n tila tio n  a t  20 L/m in. The p o in ts  are d er ived  
from the end p o in t o f each experim en tal washout and from  
the recovery  from the 60 min w ashout, i . e .  in d iv id u a l suHjacbs'V'-; 
v a lu es o f PETC02 and P-C02 a f te r  h y p e r v e n t ila t io n  l a s t i n g ^ ' ^ y ^ .] 
1, 2 , 5 , 10, 30 and 60 min and a t  2 , 5 , 10, 15, 20 and 30’^ j t? .  
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F igure 18. The R e la tio n sh ip  Between P-CO and P CO During"V Z Ei Z
H y p e rv e n tila tio n  a t 30 L/m in. The p o in ts  are derived  
from the end p o in t o f  each experim en tal washout and from  
the recovery  from the 60 min w ashout, i . e .  in d iv id u a l sufrj;eets;,'i 
va lu es o f  PE^C02 and P-CO^ a f te r  h y p e r v e n t ila t io n  l a s t i n g ^ l ^ ^ '  
1, 2 , 5 , 10, 30 and 60 min and a t 2 , 5 , 10, 15, 20 and 30 
during recovery  from 60 min h y p e r v e n t ila t io n .
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CHAPTER 6
RESPIRATORY MEASUREMENTS DURING NORMOCAPNIC HYPERVENTILATION 
INTRODUCTION
I t  i s  commonly accep ted  th a t th e  .R esp iratory  Exchange R atio  (R)
r i s e s  w ith  e x e r c is e .  A major p art o f  the in c re a se  i s  due to  the
d isp lacem en t o f C02 from body s to r e s .  In the same way, h y p e r v e n t ila t io n
cau ses a r i s e  in  R. The a d d it io n  of C02 to  the in s p ir a te  in  ap p rop riate
q u a n t it ie s  p reven ts the d isp lacem en t o f CO^  from the body s t o r e s ,  and i t
i s  p o s s ib le  to  r e ta in  a stead y  s t a t e .  Without a stead y  s t a t e ,  knowledge 
♦ *
o f VO^  or VC0 2 i s  o f d ou b tfu l v a lu e .
In some o f the experim ents d escr ib ed  in  th is  t h e s i s ,  a stead y  s ta t e  
has been m aintained during v o lu n ta ry  h y p e r v e n t ila t io n  by such an a d d it io n  
o f  C02 during in s p ir a t io n . I t  i s  c le a r ,  however, th a t b reath in g  a t  
in creased  m inute volumes fo r  len g th y  p er iod s must impose a s t r a in ,  whether 
the su b je c t  i s  in  a stead y  s t a t e  or n o t . I t  would th e r e fo r e  be o f v a lu e  
to  know the c o s t  to  the su b je c t  o f  such normocapnic h y p e r v e n t ila t io n .
I t  would a ls o  be o f v a lu e  to know the l e v e l  o f a lv e o la r  v e n t i la t io n  
th a t  i s  a p p lied  to  the su b je c t  a t  each le v e l  o f h y p e r v e n t ila t io n .
METHODS
This experim ent was c a rr ied  out in  con ju n ction  w ith  the in v e s t ig a t io n  
o f the e f f e c t s  o f h y p e r v e n t ila t io n  on psychomotor perform ance which i s  
d escrib ed  s e p a r a te ly  in  Chapter 8 ,
F iv e  su b je c ts  were used throughout t h is  s e r ie s  o f experim en ts.
B efore s ta r t in g  the exp er im en t, each su b je c t  was f u l l y  tra in ed  in  the  
u se  o f  the apparatus. Three o f the 5 su b je c ts  were exp erien ced  in  
r e sp ir a to r y  manoeuvres and o f t h e s e ,  2 had p rev iou s exp er ien ce  o f hyper­
v e n t i la t io n .  The d e t a i l s  o f the su b je c ts  are s h o w  in  Table 13.
A schem atic diagram o f  the apparatus i s  sh o w  in  F igure 19 and the  
d e t a i l s  o f the h y p e r v e n t ila t io n  c ir c u i t  are sh o w  in  F igure 20.
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Table 13
Details of Experimental Subjects
Subj e c t Age (years) Weight (Kg)
IB 36 73
NB 22 86
JG 30 64
BL 31 81
IY 2 1 70
The su b je c t  sa t  in  the s in g le  s e a t  cap su le  o f a decom pression  
chamber which was a u to m a tica lly  m aintained a t a p ressu re  o f 720 mm Hg. 
Compressed a ir  from a la b ora tory  w a ll supply passed  through a BOC reducin g  
v a lv e ;  t h is  flow  was jo in e d  by a se p a r a te ly  c o n tr o lle d  flow  o f  C02 which 
was m onitored by means o f a 100 -  1 ,000  ml/min ro tam eter . The gas 
m ixture to  be in sp ir e d  then passed  through the w a ll of the decom pression  
chamber to  a 5L rubber r e se r v o ir  bag. The c ir c u i t  cou ld  be d iscon n ected  
a t  t h is  p o in t  so th a t the flow  o f  gas to  the su b je c t  could  be s e t  u s in g  a 
10 -  100 L/min ro tam eter . From the r e se r v o ir  bag, th e  gas passed through  
a Douglas ta p , a F le is c h  flow m eter and the i n l e t  non -retu rn  v a lv e  o f an 
oxygen mask to  the s u b je c t . An autom atic t im e r /b lee p e r  gave the  
in s p ir a to r y  s ig n a l to  the su b je c t;  a t  each b leep  he had to  in s p ir e  from 
th e  r e se r v o ir  bag u n t i l  i t  was empty. R esp ira tory  r a te  was c o n tr o lle d  
a t  20 b rea th s/m in . To p reven t the su b je c t  from exposure to  a la rg e  
th rough-flow  o f gas i f  he stopped b r e a th in g , a sp r in g -lo a d ed  r e l i e f  v a lv e  
was in clu d ed  in  the c ir c u i t ;  t h is  was s e t  to  open when the r e se r v o ir  bag 
was f u l l  and the p ressu re  in s id e  exceeded 1 kPa (4 in  w g ). A Douglas 
tap between th e  r e se r v o ir  and the su b je c t  enabled the su b je c t  to turn  
out of the c ir c u i t  and b reath e ambient a ir  a t  the s t a r t  o f the recovery  
phase o f the experim ent. The e x p ir a te  passed  through a sp r in g -lo a d ed  
e x p ira to r y  v a lv e  in  th e  mask to a m ixing box , w ith  a mass spectrom eter  
probe tapping in  the fa r  en d , then to  a dry gas m eter , and f i n a l l y  i t  
was ducted through wide bore hose to  a sep arate  compartment o f the  
decom pression chamber.
The fo llo w in g  measurements were tak en ;
1. PETC02 and
2- PI C°2-
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These v a r ia b le s  were measured as fo llo w s . PTC0o and P„mC0o were   1 A Ei A
measured a t  the l ip s  by a C entron ics mass sp ectrom eter , through a 
heated  probe in se r te d  in  the oxygen mask. The output from the mass 
spectrom eter was d isp la y ed  on a d ir e c t -w r it in g , h o t - s t y lu s  pen reco rd er .
The peak e n d - t id a l  v a lu e  was a ls o  s to red  d i g i t a l l y  011 paper ta p e . The 
s ig n a l  from the mass spectrom eter was sto red  when the fo llo w in g  c r i t e r i a  
were s a t i s f i e d :
K'
1. The output from the transducer a ttach ed  to  the F le is c h  flo w ­
m eter showed no in sp ir a to r y  flo w .
2 , The output from a p ressu re  transducer connected  to  the oxygen  
mask showed a p o s i t iv e  mask c a v ity  p r e ssu re .
Because th e se  c r i t e r i a  could  be s a t i s f i e d  a t  the s t a r t  o f e x p ir a t io n , a
lo g ic  p u lse  generator delayed  the s ig n a l  by a c o n tr o l la b le  len g th  o f
tim e from the s t a r t  o f  th e  e x p ir a t io n ;  the tr ig g e r  on t h is  s ig n a l  was
m onitored on the pen reco rd er . The PTCO and P__C0o v a lu e s  were1 Z Z
measured from the s t a r t  to  the end o f each psychomotor ta sk  epoch to
th e  end o f each epoch (4 min) , was measurec  ^ by an ^S8 mass
spectrom eter through the probe downstream o f the m ixing box. The
output o f th is  mass spectrom eter was d isp la y ed  on the same pen record er
as th e  other tr a c e s .  This output was a lso  sto red  d i g i t a l l y ,  the v a lu e
b ein g  taken each tim e Pw_C0o was tr ig g e r e d , P revious experim ents hadtil Z
e s ta b lis h e d  th a t th e  d elay  tim e imposed by the e x p ira to r y  c ir c u i t  and
♦
the m ixing box was 40s a t the lower o f  the 2 v a lu es  o f  Vg imposed.
The P^C0n v a lu e s  were th e r e fo r e  measured from 40s a f t e r  the s t a r t  o f  E 2
each epoch u n t i l  40s a f t e r  th e  end o f  each epoch, Both mass sp ectrom eters  
were c a lib r a te d  sim u lta n eo u sly  a t  12  min in te r v a ls  throughout the  
experim ent. C a lib r a tio n  gases were used which had p r e v io u s ly  been  
an a lysed  by Lloyd-H aldane apparatus and which spanned the range o f  
expected  v a lu es  o f PC02 , T id a l volume was measured d i g i t a l l y  by the  
output o f  a d i g i t a l  s h a ft  encoder mounted on the sp in d le  o f a dry gas
4. Time.
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m eter. The encoder used gave an output o f  960 im pulses per r e v o lu t io n
o f  the sp in d le  -  e q u iv a le n t  to  a s e n s i t i v i t y  o f 1 .04  m l/im p u lse .
Im pulses were summed u n t i l  the was tr ig g e re d ; the was then
sto red  on paper tape and the summing c ir c u i t  returned  to  z e r o . The
output o f the summing c ir c u i t  was a lso  d isp la y e d , so  th a t i f  noted and
added up, an e s tim a te  o f minute volume could  be ob ta in ed  so th a t the
su b je c t  cou ld  be a c c u r a te ly  c o n tr o lle d . Real tim e was a ls o  recorded
on the punched paper tape so th a t accurate summing o f  V cou ld  be done
to  ob ta in  V^. V_ was measured from the s t a r t  to  the end o f  each epoch. E E
Previous experim ents had shown th a t the system  was a ccu ra te  over whole  
r e v o lu t io n s  o f 1 L but th a t w ith in  one r e v o lu t io n , the gas m eter had an 
accuracy o f ± 10%. Thus the accuracy fo r  each breath  would be 
approxim ately ± 100 ml but when b reath s are summed over one m inute to  
g iv e  V th e  accuracy would s t i l l  be ± 100 m l.ila
Each experim ent was d iv id ed  in to  4 s u c c e s s iv e  p er io d s as fo llo w s:
1. A " s ta b il iz a t io n "  p er iod  o f c o n tr o lle d  h y p e r v e n t ila t io n  in
which the ^g^CO  ^ was prevented  from f a l l in g  by the a d d it io n  of
C0o to  th e  in s p ir a t e .  When the P C0_ had been s ta b le  fo r  2 min,2 El z
the experim ent en tered  the second phase.
2 . A "control"  p er iod  o f  normocapnic h y p e r v e n t ila t io n  which 
la s te d  32 min.
3 . A "washout" p er io d  o f  hypocapnic h y p e r v e n t ila t io n  when the  
P^CCL was a llow ed  to  f a l l  fo r  32 min. In the c o n tr o l s t a t e s ,til A
p eriod  2 la s te d  fo r  64 in s te a d  o f '32 min and p er io d  3 was o m itted .
4 . A "recovery" p eriod  o f  31 min when fr e e  b rea th in g  was a llow ed .
Phases (2 ) h (3) and (4) o f the experim ent each con ta in ed  4 four minute 
epochs o f a psychomotor ta sk  ( i . e .  Epochs 01 to  12 in  each experim en tal 
r u n ) , Measurements o f r e sp ir a to r y  param eters were made over each 4 min 
p eriod  of Epochs 01 to  12.
Each su b je c t  underwent experim ents in  4 d i f f e r e n t  c o n d itio n s  as
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follows:
1, 20 L/min h y p e r v e n t ila t io n  during which the P_,_COn was heldbl Z
as near to  38 .5  mm Hg as p o s s ib le  in  the s t a b i l i z a t io n ,  co n tro l  
and washout phases (C on dition  1 ) .
2 , 20 L/min h y p e r v e n t ila t io n  during which the P C0_ was a llow edET Z
to  f a l l  during the washout phase (C ondition  2 ) .
3 . As fo r  (1) but a t  30 L/min h y p e r v e n t ila t io n  (C ondition  3 ) .
4 . As fo r  (2) but a t 30 L/min h y p e r v e n t ila t io n  (C ondition  4 ) .
The u su a l method o f  m easuring the V02 o f an organ i s  to  apply the F ick  
p r in c ip le :
V° 2  = Q x A a _v ° 2
Because the r e sp ir a to r y  m uscles are su p p lied  by so many blood v e s s e l s ,
t h is  approach would be d i f f i c u l t .  The standard method o f e s tim a tin g
the energy c o s t  o f b rea th in g  was introduced by L ilje s tr a n d  (1 9 1 8 ). The
t o t a l  body V0„ i s  measured a t d i f f e r e n t  l e v e l s  of V„ under c o n d itio n s  Z b ,
th a t should not a f f e c t  other sou rces o f oxygen consum ption. The VO^  o f  
the r e sp ir a to r y  m uscles may then  be c a lc u la te d . In the stead y  s t a t e ,  
the same in form ation  may be ob ta in ed  from VgCO .^ In the fo llo w in g  
c o n s id e r a t io n s , l e t
V° rep r ese n t r e s t in g  m inute volum es,
*
V ’ rep resen t m inute volumes a t  an in crea sed  l e v e l  o f  v e n t i la t io n  and
Vn r e p resen t m inute volumes a t  a s t i l l  h igh er l e v e l  o f v e n t i la t io n .
From f i r s t  p r in c ip le s ,  the fo llo w in g  eq u ation  may be d er ived :
V CO x (P -47 )
pac o 2 -  pi co2 + ---------------------- ~
A
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In t h is  c a s e , P^C02 i s  the p a r t ia l  p ressu re  o f CO^  in  m oist in s p ir a te
and V C0o i s  the d if fe r e n c e  between C0o output and in p u t. T herefore  £1 z z
pAc°2 = piCo2 * a;e_iCo2(pb-47)/;a
The fo llo w in g , u n o r ig in a l o b serv a tio n s  may be made. In norm al, r e s t in g  
man, P-j-C02 can regarded as zero ; eq u ation  ( 1 ) w i l l  th e r e fo r e  become
PAC02 " V » 2 < V 47>'’a _______________________________ (2)
Thus i f  i s  in c r e a se d , P^C02 w i l l  f a l l .  From eq u ation  (1) i t  can 
be seen  th a t t h is  f a l l  in  P^C02 could  be prevented  by in c r e a s in g  P^CC^. 
When t h is  i s  done, and a stead y  s t a t e  again  e n su es , the energy c o s t  ( in  
C02 output) o f su s ta in in g  a h igh er  m inute volume w i l l  be g iv en  by the  
t o t a l  C02 output w ith  the r e s t in g  C02 output and the C02 input su b tracted , 
Thus the c o s t  o f added v e n t i la t io n  (C o s t^ )  in  ml C02 output/m in/L  added 
v e n t i la t io n  w i l l  be g iv en  by th e  eq u ation
V-C02 - V'C02 - V°C02
hv ■  :— :—  -----
V* - V°E E (3)
av^_iCo 2 -  V°C02
i . e .  C ostmT =------------------------------
x l V  • 1
V 1 -  V°E E (4)
S im ila r ly , i f  2 added l e v e l s  o f  v e n t i la t io n  are co n sid ered , eq u ation  (4) 
becomes
AVJ^COj - AV-_iC02
hv =   :— :--------------
VE -  VE (5)
A lv eo la r  v e n t i la t io n  may be obtain ed  by rearranging  eq u ation  ( 1 ) .  S ince  
P^C02 may be con sid ered  e q u iv a le n t  to  5 eq u ation  ( 1 ) becomes
F in a l ly ,  p h y s io lo g ic a l  dead space may be obtain ed  a t  each v e n t i la t io n  
l e v e l  by the eq u ation
V -  VV  a
D
(7)
The r i s e  time o f modern mass spectrom eters ( e .g .  the C entron ics)  
to  dry gases i s  o f the order o f 50 ms. However, the r i s e  time to  
water vapour i s  longer (Fow ler, 1957) because the water vapour tends 
to  adhere w ithout condensing to the w a lls  o f the sample tu b e. Even 
when the sample tube i s  heated i t  i s  p o s s ib le  to  have r i s e  tim es of 1 .5 s  
for  PH2°* With the r e sp ir a to r y  frequency used in  t h is  experim ent, 
i f  the r i s e  time for  PH20 i s  50 ms as for  other g a se s , then P I C° 2  *s 
measured as a dry g a s . I f  the r i s e  tim e for  P^ 0 s 1*5 s then  
i s  "seen" by the mass spectrom eter as a sa tu ra ted  gas (from the prev iou s  
e x p ir a t io n ) .  I f  PyC09 was measured as a dry g a s, VTC09 can be d erived  
as fo llo w s:
TL . . ;%'A:
However, Vj = VE • FgN^/F N2> I t  can be c a lc u la te d  th a t the e r r o t
V][C02 (L(ATPD) /min) = Fi C° 2  * Vi  (L(ATPD)/min)
'EN2/FIN2
in troduced  by ig n o r in g  the in e q u a lity  between V and V_ i s  o f the order o f
1% m  the experim ent reported  h ere . Therefore for  s im p l ic i ty  in  the
fo llo w in g  e q u a tio n s , i t  i s  assumed th a t V = V \ . © - .  ■
E 1
T h erefore, (ml (STPD)/min) = 1 . 2 2 6 ? ^  . VE (L(ATPD)/min) ^  ( 8) ''
I f  because of the slow er response time o f the mass spectrom eter to  the
in sp ir e d  gas was seen  as sa tu r a te d , then the c o r r e c tio n s  have to  be a lte tA d .  
The value o f V^ .C02 p r e v io u s ly  seen  as ATPD i s  seen  as ATPS. Thus •
: .
^j^02 (L(ATPS)/min) = F^CO^Vg (L(ATPD)/min)
th ere fo re  V CO (ml (STPD)/min) = 1.226 PTC09 ,V_. (P -PHo0 ) /P  • ■•■•1l  Z h ti Z B •,
■, F
I f  the mass spectrom eter "saw" the Pj-C02 sa tu ra ted  a t ambient temperature-,* 
the c o r r e c tio n  fa c to r  fo r  PB-PH2 0 /P £ would be 700/720 (A); i f  i t  "saw"
a l t e r e d .
• • ■ </ 1
reft- W3T?- -jA
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the in sp ir e d  gas sa tu ra ted  a t body tem perature, the c o r r e c tio n  fa c to r  
would be 673/720 • T herefore
• •
VjC02 (A) (ml (STPD) /min) = 1 .3,92 : PjCO V (L(ATPD)/min)_____ (9)
and VTC0o (B) (ml(STPD)/min) = 1 . 1 4 6  PttXL.V^ (L(ATPD)/min) (10)L A  1 A E -------
However, V was measured in  L(ATPS)/min. T herefore by ap p ly in g  theii
c o r r e c t io n  o f Pg-PH^o/Pg ? eq u ation s (9) and (10) become
VjCO  ^(A) (ml (STPD)/min) = 1.159 PjCO^Vg (L(ATPS)/min)_____ (11)
and VTC0o (B) (ml(STPD)/min) = 1 ,114  PTC0o .Vr, (L(ATPS)/min) (12)L A  L A ih -------
S im ila r ly , the v a lu es  can be c a lc u la te d  in  ml(BTPS)/min.
• The MS8 r e sp ir a to r y  mass spectrom eter used in  th e se  experim ents  
u ses a summing c ir c u i t  in  order to  avoid  the problem o f water vapour.
The summing c ir c u i t  means th a t the sums of th e  p a r t ia l  p ressu res  add 
up to  a con stan t (p r e se t)  t o t a l  p ressu re  th a t does not take in to  account 
the p a r t ia l  p ressu re  o f w ater vapour. Volumes th e r e fo r e  have to  be 
co rrected  in  the same way each tim e the machine i s  used , as fo llo w s:
Let Vg be exp ired  volume (ATPS),
P  ^ be barom etric p ressu re  (720 mm Hg in  t h is  ex p er im en t),
PZg be the tru e p a r t ia l  p ressu re  o f every  component in  the  
exp ired  volum e,
Pzq be the p a r t ia l  p ressu re  as seen  by the MS8 w ith  the summing 
c i r c u i t ,
t^  be the am bient tem perature (taken to  be 20°C) and 
PH20 be the w ater vapour p ressu re  (taken to  be 20 mm Hg a t  20°C) 
then V^(dry) w i l l  be g iven  by the volume measured (w et) m u lt ip lie d  by the  
tru e  p a r t ia l  p r e ssu r e , i . e .
V (ATPD) = V„ x P2, / P b z B b B
but pZb = pZq X <pb-ph 20 ) /p b
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Pz (P -PH 0) 
th e re fo r e  Vz (ATPD) = Vfl x °B p z
B
Pz-(P  -PH.0) V P 
and Vz (STPD) = — - —  ----- -—  x B x J L . x
-pff 760 273+tAB A
Pz .V .7 0 0 .2 7 3
Vz (STPD) = — 5—    •
760x293 *720
T herefore V CO (ml(STPD)/min) » ' 1 . 1 9 2 * P?C0 v (L(ATPS)/min) (13)b Z b z b ------
RESULTS
The r e s u lt s  are shown in  Table 14. The r e s t in g  v a lu es  have been  
obtain ed  from the fr e e  recovery  phases o f  the normocapnic h y p e r v e n t ila t io n  
runs (C onditions 1 and 3 ) .  The v a lu es  fo r  a nominal m inute volume of 
20 L/min were ob ta in ed  from the c o n tr o l phase and washout ( i . e .  co n tro l)  
phase o f  C on dition  1; s im ila r ly  v a lu es  fo r  a m inute volume o f 30 L/min 
were obta in ed  from the c o n tro l phase and washout ( i . e .  extended c o n tr o l)  
phase o f C ondition  3 . The data from the hypocapnic h y p e r v e n t ila t io n  
c o n d itio n s  (C onditions 2 and 4) are g iven  in  Chapter 7. The C02 c o s t  
of added v e n t i la t io n  i s  graphed in  F igure 21 (C02 c o s t  p lu s  b a sa l  
m etabolism ); t h is  f ig u r e  a ls o  shows the e f f e c t  o f  the mass sp ec tro m eter ’s 
slow er resp onse tim e to  PI^O. The v a lu es  fo r  the e f f e c t  o f the mass 
spectrom eter resp onse tim e to  P^O  (as d iscu ssed  on pages 99 and 100) 
are g iven  in  Table 15. F igure 22 shows the r e la t io n s h ip  between 
minute volume and a lv e o la r  v e n t i l a t io n ,  and F igure 23 shows the  
r e la t io n s h ip  between m inute volume and dead sp ace . The v a lu es  g iven  
in  Tables 14 and 15 are mean v a lu e s;  f u l l  data may be obtain ed  from  
the au th or .
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Table 14
Respiratory Measurements and Derivations
v a r ia b le R estin g  
n = 38
VE " 
n
20 L/min 
= 60
'
n
30 L/min 
= 60
Mean SD se Mean SD se Mean SD se
V_ L(BTPS) 
/min
9.4 1 . 2 0 . 2 23.3 0 .7 0 . 1 35.0 1 .3  0 .2
PETC02 
mm Hg
37.5 1 .9 0 .3 39 .4 1 .3 0 . 2 3 8 .8 1 . 0  0 . 1
PIC02 
mm Hg
- - - 26 .3 2 . 8 0 .4 2 8 .8 2 .3  0 .3
PI C02
mm Hg
26 .0 1 . 8 0 .3 37 .6 2 . 0 0 .3 38 .2 1 , 8  0 . 2
V ° 2
ml (BTPS)/ 
min
254 35 6 928 59 8 1409 94 12
v lCo2 *
ml (BTPS)/ 
min
- - ~ 596 60 8 994 60 8
VA L(BTPS) 
/min
4 .6 0.6 0 . 1 17 .1 1 . 8 0 . 2 2 7 .9 2 .9  0 .4
Vg -  V^mask 
ml(BTPS)
170 § - -
§
240 - -
%
285 -
N otes: Mass Spectrom eter s e e in g  in sp ir e d  gas as BTPS.
C a lcu la ted  from mean v a lu es  o f V . .A
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L(BTPS)/min
30 40
T
0 < 5 > O 0
Mean i  1 se
Mass Spectrom eter se es  wet gas in sp ir e d  (BTPS) 
Mass Spectrom eter se es  wet gas in sp ir e d  (ATPS) 
Mass Spectrom eter sees dry gas in sp ir e d  (STPD)
F igure 21 . The Cost o f  Added V e n t i la t io n  to B asic  M etabolism : the E f fe c t  
o f Mass Spectrom eter PH^ O D elays on VCO .^
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F igure 23 . The R e la tio n sh ip  Between V_ and V^.bj D
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Table 15
Effect of Mass Spectrometer Response Time to PH^O on AV^
U n its S ta te AV TC0o ml/minJi 1 Z j
Mass Spectrom eter Seeing  In sp ired  Gas As:
BTPS ATPS STPD
BTPS R est 254 254 254
20 L/min 316 293 238
30 L/min 411 372 282
STPD R est 209 209 209
20 L/min 260 241 196
30 L/min 338 306 232
DISCUSSION
The r e la t io n s h ip s  d er ived  from t h is  experim ent are a b s o lu te ly
dependent on a s tea d y  s t a t e  b e in g  p r e s e n t . The f a c t  th a t  the v a lu es  o f
P-^CO- are n ot s ig n i f i c a n t ly  d i f f e r e n t  a t the 3 l e v e l s  o fhx Z
v e n t i la t io n ,  and th a t th e  v a r ia b le s  which are a llow ed  to  vary between  
the 3 l e v e l s  o f v e n t i la t io n  a l l  have very  sm all standard errors su g g e sts  
th a t  a stea d y  s t a t e  was p r e s e n t .
I t  i s  n e c essa ry  to  examine c r i t i c a l l y  the v a lu e s  ob ta in ed  fo r  the  
C02 c o s t  o f  added v e n t i l a t io n .  One may assume, as d id  Cournand e t  a l  
(1954) and F r i t t s  e t  a l  (1959) amongst o th e r s , th a t the b a sa l m etab o lic  
r a te  remains stead y  during normocapnic h y p e r v e n t ila t io n . T herefore9
any in c r e a se  in  during normocapnic h y p e r v e n t ila t io n  i s  due to  the
in crea sed  work o f b r e a th in g . Checks o f the mass spectrom eter  used  
in  t h is  experim ent showed th a t the response tim e to  PH20 as i t  was s e t  up 
was 1 .5 s  -  i . e .  the resp on se  to  PIQO in  the exp ired  gases  occurred w ith  
the resp on se  to  the o th er  gases  in  the in s p ir a t e .  Even a llo w in g  fo r  
the mass spectrom eter behaving in  t h is  way, s e e in g  th e  in sp ir e d  dry gases  
as sa tu ra ted  w ith  w ater vapour, th e  C02 c o s t  o f added v e n t i la t io n  i s  
s t i l l  as h igh  as 5,0 m l/m in/L  added v e n t i l a t io n .  Campbell e t  a l  (1970) 
rep o r t th e  r e s u l t s  o f v a r io u s authors; even a llo w in g  fo r  a r e sp ir a to r y  
exchange r a t io  o f 1 . 0 , th e se  authors would g iv e  th e  h ig h e s t  C02 c o s t  
o f added v e n t i la t io n  in  a h e a lth y  su b je c t  to  be 2 ,4  m l/m in/L . Bader e t  
a l  (1959) ob ta in ed  a v a lu e  o f 3 ,3  m l/m in/L fo r  women in  la t e  pregnancy.
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V alues from 2 o f the authors quoted by Campbell e t  a l  are shown' in  Table  
16 and m  F igure 24. I t  i s  ap p rop ria te  to  compare the v a lu e s  ob ta in ed  by 
Cournand e t  a l  (1954) and F r i t t s  e t  a l  (1959) w ith  the v a lu es  ob ta in ed  in  
th is  experim ent, because they c o n tr o lle d  PC0o during vo lu n tary  h y p e r v e n t ila t io n  
m  the same way. I t  can be seen  from F igure 24 th a t the v a lu es  from th ese  
2 in v e s t ig a to r s ,  converted  in to  AV„ TC0o , f a l l  w ith in  the range o f vaVties
r • • • * \ /•* - kfound m  th is  study up to  a V o f about 25 L/min. Above t h i s ,  v a lu es  o f• E /* <
AV TC0 in  the p resen t study exceed  th ose  o f Cournand and F r i t t s  and t h e ir ;A ’ . S' A m - •
co-w orkers. A lso shown m  the Table and F igure are v a lu es  from Murray(1959);
• • • . t - ' ■ < th ese  v a lu es  were ob ta in ed  during hypocapnic h y p e r v e n t ila t io n  in  2 s u b je c t s .
I t  i s  apparent th a t M urray's assum ption th a t a stead y  s ta t e  had been reached
i s  q u e s t io n a b le .
Table 16 
C09 Cost o f  Added V e n t i la t io n
Author VE C02 Cost
L(BTPS)/min ml(STPD)/min
Cournand e t  a l  (1954) 10 256
20 264
30 280
40 315
F r i t t s  e t  a l  (1959) 9 .7 253
19 .4 253
38 .8 310
Murray (1959) 10 156
20 274
30 392
However, F r i t t s  e t  a l  rep o rt v a lu e s  fo r  one su b je c t  o n ly . In th a t
experim ent, r e sp ir a to r y  frequency was 30 b rea th s/m in . This frequency
was shown by Cournand e t  a l  (1954) -  a ls o  one s u b j e c t 's  data on ly  -  to
req u ire  le s s  V02 than a frequency of 20 b rea th s/m in . Furtherm ore, in
F r i t t s '  experim en t, th ere  was no m onitoring  o f  P C0o ; 2 s u c c e s s iv e
E l  A
sam ples were taken a t the end o f a 20 min h y p e r v e n t ila t io n  w ith  the  
su b je c t  b rea th in g  from a p r e v io u s ly  made gas m ixtu re . I t  i s  p o s s ib le
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V L(BTPS)/min
E j
Data from th is  study
Cournand e t  a l  (1954) 
o -^  ^  F r i t t s  e t  a l  (1959)
^  Murray (1959)
F igure 24 . The Cost o f  Added V e n t ila t io n  to  B asic  M etabolism ;
Comparison o f Data from th is  Study w ith  Data from Other 
S ou rces. •
th a t  a stead y  s t a t e  did  not e x i s t  because th ere  was no c o n tr o l over or
m onitorin g  o f  P__C0o . I t  i s  p o s s ib le  to  c a lc u la te  th a t i f  th e  PC0o hi z z
in  th e ir  gas m ixture was too low , then the m etab o lic  c o s t  o f  the  
normocapnic h y p e r v e n t ila t io n  m ight be und erestim ated . The 20 min a llow ed  
by F r i t t s  e t  a l  fo r  e q u i l ib r a t io n  could  have con cea led  a washout o f C02 . 
Cournand e t  a l  (1954) d id  em phasize the p o in t th a t the b reath ing  m ixture  
must be c o r re c t  and c lo s e ly  m onitored . B a r t le t t  & Specht (1957) 
measured the c o s t  o f in crea sed  v e n t i la t io n  obtain ed  by adding dead sp ace . 
They a ls o  ob ta in ed  low v a lu es  (2 .0  m l/m in/L) a lthough  they aga in  on ly  
stu d ied  one s u b je c t . O tis (1954) made the p o in t th a t most e s tim a te s  
o f  the V02 c o s t  o f h y p e r v e n t ila t io n  are u n d erestim ated . He proposed  
th a t V02 d id  n ot in c r e a se  l in e a r ly  w ith  Vg, but on an upwards curve.
O tis  a ls o  rep orted  th a t M ich a e lis  & M uller (1942) had found th a t V02 
rose  as PC02 f e l l .
In  a d d it io n , Newhouse e t  a l  (1964) p o in t out th a t vo lu n tary  
h y p e r v e n t ila t io n  in c r e a se s  airway r e s is ta n c e ,  and th e r e fo r e  the m etab o lic  
c o s t  o f  such h y p e r v e n t ila t io n  i s  h ig h er  than p a s s iv e  h y p e r v e n t ila t io n .  
V oluntary h y p e r v e n t ila t io n  i s  accompanied by a c t i v i t y  in  m uscles oth er  
than the r e sp ir a to r y  m u scles , and Campbell e t  a l  (1970) su ggested  th a t  
p o stu r a l m uscles could  p la y  a p a r t . The oxygen th a t  they  consume and 
the carbon d io x id e  th a t  they  produce w i l l  a r t i f i c i a l l y  i n f l a t e  the t o t a l  
m etab o lic  c o s t  o f  h y p e r v e n t ila t io n . I t  i s  worth n o tin g  th a t Campbell 
e t  a l  rep orted  th a t M il ic,”E m ili & P e t i t  (1960) had the lo w est v a lu es  
fo r  the m etab o lic  c o s t  o f  h y p e r v e n t ila t io n ;  they used sup ine su b je c ts  
and stim u la ted  h y p e r v e n t ila t io n  by adding dead sp a ce .
A fu r th er  p o in t th a t can be made i s  th a t in  the p resen t stu d y , 
h y p e r v e n t ila t io n  la s te d  fo r  j u s t  over one hour, and t h is  must be more 
f a t ig u in g  than the 20 min s tu d ie s  o f  F r i t t s  & Cournand. However, th ere  
was no ev id en ce  to  support the su g g e s tio n  th a t f a t ig u e  accounts fo r  the  
h igh  v a lu es  o f the C02 c o s t  o f  h y p e r v e n t ila t io n  found in  t h is  experim ent.
The fin a l, su g g e s tio n  to e x p la in  the h igh  v a lu es  found fo r  the  
C02 c o s t  o f h y p e r v e n t ila t io n  i s  th a t an experim ent such as t h is  one 
approaches the p r a c t ic a l  l im it s  fo r  the use o f a mass sp ectrom eter.
Very sm all d if fe r e n c e s  between and PgC02 (o f the order o f  10 mm Rg)
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are b e in g  measured? and then m u lt ip lie d  by a number many tim es g rea ter  
(V_.) . The mass spectrom eter has a r e p r o d u c ib il ity  o f  b e t te r  than 0 .5Ei
mm Hg, i . e .  a p o s s ib le  10% error  in  m easuring the d if fe r e n c e  between  
PEC02 and PgCO  ^ when the d if fe r e n c e  i s  10 mm Hg. This error a ch iev es  
a g rea ter  s ig n if ic a n c e  as th e  d if fe r e n c e  between the two PCO^  v a lu es  
narrows (when V  ^ r i s e s ) . The fu r th e r  u n s a t is fa c to r y  nature o f the  
mass spectrom eter i s  in  i t s  r e a c t io n  tim e to  PH^O. This has a lread y  
been exam ined.
F igure 25 compares the r e s u l t s  o f  V^  from t h is  experiment: w ith  th ose  
from oth er a u th o rs. I t  can be seen  th a t the r e la t io n s h ip  w ith  
compares w e ll  w ith  the r e s u lt s  o f E rn stin g  (1964) and o f Asmussen & 
N ie lse n  (1 9 5 6 ). I t  can a ls o  be seen  from F igure 22 th a t the r e s u lt s  
fo r  compare very  w e l l  w ith  th ose  o f  Gray e t  a l  (1956) .
CONCLUSIONS
V alues o f  V  ^ and V  ^ ob ta in ed  from t h is  experim ent compare w e ll  
w ith  th ose  from other so u r c e s . However, the f ig u r e  obtained  fo r  the  
C02 c o s t  o f added v e n t i la t io n  ( 5 .O ml (STPD)/min/L) i s  alm ost 2 tim es the  
accep ted  v a lu e . Assuming th a t h e a lth y  su b je c ts  were used in  the p resen t  
stu d y , t h is  d if fe r e n c e  could  p a r t ly  be accounted fo r  by th e  fo llo w in g ;
1. V oluntary h y p e r v e n t ila t io n  g iv e s  h igh er  v a lu e s  than p a s s iv e  
h y p e r v e n t ila t io n .
2 . Mass spectrom etry i s  an in ap p rop ria te  techn iqu e p o s s ib ly  fo r  
the measurement o f  the m eta b o lic  c o s t  o f  h y p e r v e n t ila t io n .
However, the 3 standard r e fe r e n c e s  (2 o f which used the same methods 
of producing h y p e r v e n t ila t io n  as t h is  study) on ly  r e v e a l r e s u lt s  from  
one su b je c t  each; i t  i s  th e re fo r e  p o s s ib le  th a t the m etab o lic  c o s t  o f  
h y p e r v e n t ila t io n  has h ith e r to  be und erestim ated .
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are b e in g  m easured, and then m u lt ip lie d  by a number many tim es g r ea ter  
(Vr ) . The mass sp ectrom eter has a r e p r o d u c ib il ity  o f  b e t te r  than 0 .5  
mm Hg, i . e .  a p o s s ib le  10% error  in  m easuring the d if fe r e n c e  between  
P^CO  ^ and PgC02 when the d if fe r e n c e  i s  10 mm Hg. This error  a ch iev es  
a g r ea ter  s ig n if ic a n c e  as the d if fe r e n c e  between the two PC02 v a lu es  
narrows (when r i s e s ) . The fu r th e r  u n s a t is fa c to r y  nature o f  the  
mass spectrom eter i s  in  i t s  r e a c t io n  tim e to  PH20 . This has a lread y  
been exam ined.
F igure 25 compares the r e s u l t s  o f  from t h is  experim ent w ith  th ose
from oth er  au th ors. I t  can be seen  th a t the V_ r e la t io n s h ip  w ith  V_
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compares w e ll  w ith  the r e s u l t s  o f E rn stin g  (1964) and o f  Asmussen & 
N ie lse n  (1 9 5 6 ). I t  can a ls o  be seen  from F igure 22 th a t the r e s u l t s  
fo r  compare very  w e l l  w ith  th o se  o f  Gray e t  a l  (1956) .
CONCLUSIONS
V alues o f V  ^ and V  ^ ob ta in ed  from t h is  experim ent compare w e ll  
w ith  th ose  from oth er  so u r c e s . However, the f ig u r e  ob tain ed  fo r  the  
C02 c o s t  o f  added v e n t i la t io n  (6 .0  ml(STPD)/min/L) i s  alm ost 3 tim es the  
accep ted  v a lu e . Assuming th a t h ea lth y  su b je c ts  were used in  the p resen t  
stu d y , t h is  d if fe r e n c e  could  p a r t ly  be accounted fo r  by the fo llo w in g :
1. V oluntary h y p e r v e n t ila t io n  g iv e s  h igh er  v a lu e s  than p a s s iv e  
h y p e r v e n t ila t io n .
2 . Mass spectrom etry i s  an in ap p rop r ia te  tech n iq u e p o s s ib ly  fo r  
the measurement o f the m eta b o lic  c o s t  o f  h y p e r v e n t ila t io n .
However, the 3 standard r e fe r e n c e s  (2 o f which used th e  same methods 
o f producing h y p e r v e n t ila t io n  as th is  study) on ly  r e v e a l r e s u l t s  from  
one su b je c t  each; i t  i s  th e r e fo r e  p o s s ib le  th a t the m etab o lic  c o s t  o f  
h y p e r v e n t ila t io n  has h ith e r to  be und erestim ated .
110
Vp 
ml 
(B
TP
S)
This study
0 0-5 1-0 1*5 2-0
VT L(BTPS)
F igure 25, P h y s io lo g ic a l  VD During Normocapnic H y p e rv e n tila tio n .
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CHAPTER 7
RESPIRATORY MEASUREMENTS DURING HYPOCAPNIC HYPERVENTILATION 
INTRODUCTION
Chapter 5 d escr ib ed  the r e la t io n s h ip  between P C0o and P-CO_ti Z v Z
during exposure t o ,  and recovery  from, hypocapnic h y p e r v e n t ila t io n .
This h y p e r v e n t ila t io n  was c o n tr o lle d  a t  nominal m inute volumes o f 20 
and 30 L/m in. During th a t experim ent, recovery  was in te r fe r e d  w ith  
in  the fo llo w in g  2 ways:
1. Recovery V  ^ was c o n tr o lle d  a t  the same m inute volume o f 20 
or 30 L/min and CO^  was added to the in s p ir a te  in  an equal m inute 
volume to  th a t req u ired  to  m aintain  the normocapnic h y p e r v e n t ila t io n  
a t the s t a r t  o f  the experim ent,
2 . Recovery was in te r sp e r se d  w ith  reb rea th in g  e s tim a te s  o f P-C02 .
T h e o r e t ic a l s tu d ie s  showed th a t when PTC0 < P CO the reb rea th in gX Z Ex Z
aided  recovery ; when = PETC02 the reb rea th in g  manoeuvre had
no e f f e c t ;  and when PTC0_ > P mC0 the recovery  was h indered .1 Z Jil Z
Furtherm ore, no e s tim a te  o f a lv e o la r  v e n t i la t io n  or o f  the volume o f  
C02 ex cre ted  was o b ta in ed . This experim ent was th e r e fo r e  ca rr ied  out 
to  study th e  fo llo w in g :
1, The volume o f C02 e x cre ted  by the body during h y p e r v e n t ila t io n .
2 . The p ro cess  o f f r e e ,  u n in terru p ted  recovery  a f te r  a p er iod  
of c o n tr o lle d  h y p e r v e n t ila t io n .
At the same tim e as o b ta in in g  th e se  d a ta , i t  i s  p o s s ib le  a ls o  to  e s tim a te
the s lo p e  o f the C02 d i s s o c ia t io n  curve o f the w hole body, and a ls o  to
study in  fu r th er  d e t a i l  the r e la t io n s h ip  between P^CO- and PpC0o .hJL Z Ej Z
METHODS
This experim ent was c a r r ie d  out a t the same tim e as the s tu d ie s  
d escrib ed  in  Chapters 6 and 8 , In summary, the experim ent s tu d ied  2
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l e v e l s  o f v e n t i la t io n  in  5 su b je c ts  in  e ith e r  c o n tr o l (no washout) or 
washout o f CO^  c o n d it io n s . At the same tim e, each su b je c t  was exposed  
to  12  epochs o f a psychomotor ta sk , each la s t in g  4 min and separated  by 
gaps o f 4 min; the f i r s t  4 epochs were in  the phase o f  c o n tr o lle d  normo­
cap n ic h y p e r v e n t ila t io n , the second 4 epochs were e it h e r  hypocapnic  
h y p e r v e n t ila t io n  or fu r th e r  c o n tr o lle d  normocapnic h y p e r v e n t ila t io n , and 
the f in a l  4 epochs were during fr e e -b r e a th in g  reco v ery . Recording o f
data took p la c e  a t  the tim es reported  in  Chapter 6 ; the apparatus was as
recorded in  Chapter 6 .
RESULTS
The mean Pg^CO  ^ v a lu es  correspond ing to  each epoch o f the psycho­
motor task  are shown in  Table 17 and F igures 26 and 27. Values fo r  
Epochs 5 and 9 ( s t a r t  o f washout and recovery  r e s p e c t iv e ly )  in  the 2 
washout c o n d itio n s  (C ond itions 2 and 4) cannot be exp ressed  as mean 
v a lu e s  over the 4 min epoch, because i t  i s  during th e se  4 min th a t ra p id ,
e x p o n en tia l changes occur in  PwrnC0o . The changes occu rrin g  in  the
E l  Z
other epochs (6 to  8 and 10 to  12) in  C onditions 2 and 4 were sm all enough 
to  a llo w  a s e n s ib le  mean to  be taken over the 4 min. The p o in ts  shown 
on F igu res 26 and 27 fo r  Epochs 5 and 9 in  C onditions 2 and 4 are 
th e r e fo r e  means o f  the sp ot v a lu e s  taken halfw ay through th e  epoch, i . e .
a f t e r  2 min o f hypocapnia or r e co v ery . A lso p lo t te d  on F igures 26 and
27 are the correspond ing v a lu e s  from Chapter 5 .
R e su lts  o f mean V_ v a lu e s  correspond ing to  each epoch are shown in  
E
Table 18 and F igure 28, During the recovery  epochs fo llo w in g  the  
washout c o n d it io n s , V„ was very  h ig h ly  s ig n i f ic a n t ly  lower (P < 0 .0 0 1 )  
than in  the 2 c o n tr o l c o n d it io n s ,  a lthou gh  th ere  was no s t a t i s t i c a l  
d if fe r e n c e  between V_ v a lu e s  fo llo w in g  the 2 d i f f e r e n t  l e v e l s  o f  
p reced in g  m inute volum e,
»
The v a lu es  o f  and V^.002 have a lread y  been d iscu sse d  in  Chapter
6 , The v a lu es  o f  Pe;C0o are shown in  Table 19 and o f V„C0o in  Table 20.
E Z « E Z
The washout and recovery  v a lu es  o f VgCO  ^ are shown in  F igure 29, w ith
the mean r e s t in g  V„C0o (from recovery  in  C onditions 1 and 3 -  normocapnic 
E Z
h y p e r v e n t i la t io n ) .
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Figure 26. Mean P^CC^ V alues Corresponding to Each Manikin Task 
Epoch During H y p e rv e n tila tio n  a t 20 L/m in.
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F igure 27, Mean Pg^CC  ^ V alues Corresponding to  Each M anikin Task 
Epoch During H y p e rv en tila tio n  a t 30 L/m in.
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F igure 28. Mean V alues o f  V Corresponding to Each Manikin Task Epoch,E
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2 0  L / m i n  W A S H O U T  IS R E P R E S E N T E D  B Y -* ----------x
3 0  L / m i n  C O N T R O L  IS R E P R E S E N T E D  BY  *---------- ®
3 0  L / m i n  W A S H O U T  IS R E P R E S E N T E D  B Y  x - - - - x
Table 17
Mean PgTcQo Corresponding to  Each Psychomotor Task Epoch
Epoch PETC02 mm Hg
20 L/min 30 L/min
C ontrol Washout C ontrol Washout
1 3 9 .0 39 .1 38 .7 3 8 .7
2 39.5 3 8 .9 38 .7 3 9 .1
3 39 .7 3 8 .9 38 .4 3 8 .1
4 39 .6 3 8 .7 38 .5 . 38 .7
5 39 .6 27 .5 38 .9 2 1 .3
6 40 .2 2 2 , 1 39 .0 17.1
7 40 .3 2 0 ,4 39 .3 15 .6
8 39 .8 19 .2 3 9 .3 15 .3
9 3 7 .5 2 6 .9 37.9 2 2 . 6
10 3 7 .7 33 .6 37.5 3 0 .5
1 1 36 .9 3 5 .1 3 7 .8 3 3 .4
12 3 6 .7 36 ,6 38 .1 3 5 .5
Table 18
Mean Vg Corresponding to  Each Psychomotor Task Epoch
Epoch Vg L(BTPS)/min
20 L/min 30 L/min
C ontrol Washout C ontrol Washout
1 2 3 .0 23 ,1 3 5 .0 3 4 .0
2 2 3 .0 22 .9 3 4 .9 3 4 .0
3 2 2 .9 2 2 .9 34 .6 3 3 .4
4 2 3 .1 22 .9 34.8 3 3 .6
5 23 .2 2 2 , 2 34.6 32 .2
6 23 .2 2 2 .4 34.5 3 2 .0
7 2 2 .9 2 1 .5 34 ,6 31 .9
8 22 .7 2 2 .4 34 .6 3 1 .7
9 10 ,7 5 ,2 8.8 6 . 1  '
10 9 .2 7 .0 9 ,2 7 .9
1 1 1 0 .6 7 ,7 8 .5 6 .5
'.'12 9 , i 7 ,7 . . 8 ,9 7 ,7
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Table 19
Mean C orresponding to  Each Psychomotor Task Epoch
Epoch PEC°2 mm Hg
20 L/min 30 L/min
C ontrol Washout Control Washout
1 3 6 .8 36.6 38 .9 3 8 .0
2 3 8 .1 36 .4 38 .7 3 8 .3
3 38 ,6 3 6 .8 37 .8 3 6 .6
4 3 8 .4 3 6 .7 3 8 .1 3 7 .0
5 38 ,2 2 1 , 8 38 .3 ‘ 17 .2
6 38 .6 17.5 3 8 .4 13 .5
7 3 8 .3 15 .9 3 9 .0 12 .3
8 37 .9 15 .2 39 .1 1 2 . 1
9 2 5 ,5 1 6 ,8 26 .2 1 7 ,0
10 2 4 ,9 2 2 , 2 2 6 ,0 2 2 . 1
1 1 2 5 ,2 2 4 ,1  • 2 7 .9 2 3 ,7
1 2 .............. 24 ,9 25 ,1 27 .5 . 2 4 .2
Table 20
Mean C°r r e s Pondi n g bo Each Psychomotor Task Epoch
Epoch
V ° 2 ml(BTPS)/min
20 L/min 30 L/min
C ontrol Washout Control Washout
1 909 911 1461 1386
2 942 894 1449 1395
3 947 905 1403 1313
4 953 902 1421 1334
5 950 519 1421 593
6 961 421 1421 463
7 942 376 1449 423
8 924 365 1453 411
9 274 90 249 103
10 246 167 257 140
1 1 244 202 254 165
12  ........... 243 ......... 208 . 263 201
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From the v a lu e s  o f  VgC02 ex c re ted  during a lte r n a te  p er io d s  o f 4 min 
during th e  experim ent, an e s tim a te  can be made o f the t o t a l  CO^  s to r e s  
ex creted  during hypocapnic h y p e r v e n t ila t io n  and o f  the amount o f  CO^  
r e ta in e d  during r e co v ery . These estim a ted  v a lu es  are shown in  Table  
21. I t  should be emphasized th a t the measurements were taken from the  
1 s t  to  the 28th m inutes o f washout; the la s t  4 min o f washout were taken  
up w ith  c a lib r a t io n s  and th e r e fo r e  passed  unrecorded. Recovery th e r e fo r e
s ta r te d  a t  a lower PC02 v a lu e  than the r e s u lt s  show.
Table 21
Volume o f CO^  S tores Changes During H y p e rv e n tila tio n  and Recovery
VE S ta te Volume L(STPD) C02
L/min Sub ject
1  . 2 3 .4 . 5
20 Washout
Washout
9 .87
3 .1 7
11 .74
5 .1 7
11 .30
4.66
10 .84
3 .77
10.95
3 .59
Recovery 2 .09 1 .89 2.85 0 .85 3 .4 9
30 Washout g 
Washout
10.66
3 .96
14.16
7 .60
12.06
5 .42
13.05
6.99
11 .38
4 .0 3
Recovery 3 .36 2 .7 4 2 . 1 0 1 .72 3 .19
?v
N otes: T o ta l CO^  e x c r e t io n .
Washout n e t  o f  normal r e s t in g  C02 p rod u ction .
From the v a lu e s  in  Table 2 1 , each s u b j e c t 's  change in  Pg^CO  ^ (ex tr a c te d  
from the r e c o r d s , and taken from the beginn ing o f Epoch 5 u n t i l  the end 
o f Epoch 8) and each s u b j e c t 's  w e ig h t, the s lo p e  o f the whole body 
CO^  d is s o c ia t io n  curve can be c a lc u la te d . The c a lc u la t io n  fo r  each  
su b je c t  by e s t im a tin g  t o t a l  CO^  e x c r e t io n , su b tr a c t in g  from th is  the  
r e s t in g  estim a ted  CO^  p rod u ction  over t h is  time (from v a lu e s  ob ta in ed  
from recovery  from norm ocapnic h y p e r v e n t ila t io n  as d escrib ed  in  Chapter 6) 
and then by d iv id in g  the r e s u l t  by th e  s u b je c t 's  w eigh t and n e t  change 
in  PETC02 was as d escr ib ed  by Farhi (196/,) . The v a lu e s  o f "s" for  each  
su b je c t  are shown in  Table 22 , The mean v a lu e  fo r  the C09 whole body 
d is s o c ia t io n  curve s lo p e  (s)  was th e r e fo r e  3 .0 1  + 0 ,7 4  (SD ).
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Table 22
Slope of the Whole Body CO^  Dissociation Curve (s)
VE s ml(STPD)/Kg/mm Hg
L/min S ub ject
1 2 3 4 5
20 2 .13 3 .36 3 .68 2 .2 3 2 .63
30 2 .16 4 .0 4 3 .86 3 .70 2 .3 3
S u b jects  rep orted  the u su al symptoms o f h y p e r v e n t ila t io n , i . e .
p a r a e s th e s ia e , d ro w sin ess, co ld  p e r ip h e r ie s  and carpopedal spasm during
the p er iod s o f hypocapnia. One su b je c t  showed a marked period  o f apnoea
fo llo w in g  the end o f the 30 L/min w ashout, w ith  a gap o f 66s between
in s p ir a t io n s .  This i s  shown in  F igure 30. At the same tim e, P^OET 2
f e l l  to  48 mm Hg. This i s  comparable to  the r e s u lt s  o f Lipsky e t  a l
(1962) who found P^02 as low as 40 mm Hg. As seen  in  Chapter 2 apnoea 
fo llo w in g  hypocapnia i s  commoner in  su b je c ts  who have precon ceived  id eas  
about p o s t-h y p e r v e n t ila to r y  r e sp ir a to r y  p a tte r n s .
Figure 30. Experimental Trace Showing Post-hyperventilation Apnoea.
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DISCUSSION
I t  can be seen  from F igu res 26 and 27 th at the washout o f  CO^  a t  
20 and 30 L/min i s ,  as would be ex p ected , the same as in  the experim ent 
d escrib ed  in  Chapter 5 . I t  can be seen  th at fr e e  recovery  from a 20 L/min 
washout i s  f a s t e r  than the c o n tr o lle d  recovery  d escr ib ed  in  Chapter 5 , 
w h ile  a t  30 L/min the s i t u a t io n  i s  r e v er se d . Because o f the experim en ta l 
d e s ig n , the c o n tr o lle d  r e c o v e r ie s  were the r e c ip r o c a ls  o f  th e ir  w ashouts,
i . e .  the h igh er the V , the f a s t e r  was recovery . I t  can be seen  from  
F igure 31 on the oth er  hand th a t the fr e e  r e c o v e r ie s  are n ea r ly  p a r a l l e l .  
This i s  hard ly  s u r p r is in g  s in c e  CO^  must continu e to  be produced in  the  
body a t the same r a te  during recovery  from each w ashout, and one would 
exp ect no d if fe r e n c e  in  the recovery  provided th at the v a lu e s  o f  V_ are  
the same. In t h is  experim ent i t  has been proved th a t the m inute volume 
was s ig n i f ic a n t ly  lower during recovery  from washout than during recovery  
from c o n tr o l ,  but th a t th ere  was no d if fe r e n c e  in  V  ^ a t tr ib u ta b le  to  the  
preced in g  m inute volum es. I t  should  be noted th a t  the mean v a lu e s  co n cea l  
a wide in d iv id u a l v a r ia t io n  which was reduced as recovery  p ro g ressed .
The volume o f CO^  l o s t  from the s to r e s  i s  g rea ter  than in  other
s tu d ie s ,  e .g .  Vance & Fowler (1 9 6 0 ), Farhi & Rahn (1960) and Stoddart
(1 9 6 5 ), However, t h is  experim ent e ith e r  stu d ied  g r e a te r  m inute volumes
'or s tu d ied  e q u iv a le n t  m inute volumes fo r  longer p e r io d s , and th e se  2
fa c to r s  account fo r  the d i f f e r e n c e .  The v a lu es  compare w e ll  w ith  th ose
of Tom ashefski e t  a l  (1962) who found a mean lo s s  from the s to r e s  o f
3 ,2  L in  su b je c ts  undergoing in te r m it te n t  p o s i t iv e  p ressu re  b rea th in g  a t
a V approxim ately th r ic e  norm al. I t  can be se en , however, th a t the 28
min allow ed fo r  fr e e  recovery  was t o t a l ly  inadequate fo r  the rep len ishm ent
o f  the CO^  s t o r e s ,  thus r e in fo r c in g  the statem ent o f Farhi & Rahn (1 9 6 0 ),
who sa id  th a t readjustm ent o f body CO^  s to r e s  could  take a very  long tim e.
Lipslcy e t  a l  (1962) found s im ila r  r e s u l t s ;  they made the p o in t  th at
was not a very  good in d ic a to r  o f a retu rn  to  a stead y  s t a t e  a f t e r  acu te
sev ere  h y p e r v e n t ila t io n , and th a t recovery  in  the t i s s u e s  cou ld  take
se v e r a l hours. A su g g e s tio n  o f t h is  i s  seen  in  F igure 29 , but i t  i s
dem onstrated most v iv id ly  in  Table 21 . I t  i s  apparent th a t P C0o
E l  Z
can very nearly reach control values with s t i l l  an enormous d e fic it  of
CO^  to make up.
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F igure 31 . F a ll  and Recovery o f Pg^CC  ^ During Exposure t o ,  and Free  
Recovery from, V oluntary H y p e rv e n tila tio n .
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The v a lu e  ob tain ed  fo r  th e  s lo p e  o f the whole body C02 d is s o c ia t io n  
c u rv e■compares very  w e ll  w ith  th o se  from oth er sou rces which are shown 
in  Table 23.
Table 23
Slope o f the Whole Body C02 D is s o c ia t io n  Curve
R eference S p ecies E q u ilib r a tio n  
Time (min)
s
ml(STPD) /  
Kg/mm Hg
This study Man 28 3.01±0.74(S D )
Vance & Fowler (1960) ■ Man 20 1 .30±0.24 (SD)
Vance & Fowler (1960) Mari 60 2.05±0.47(SD )
L i l le h e i  & Bailee (1955) Man 30 3 .8
Schaefer & A lv is  (1951) Man 33 2 . 1 0
Shaw & M essner (1930) Cat 45 -  100 1 . 8
Irv in g  e t  a l  (1930) Cat 180 -  300 >10
Freeman & Fenn (1953) Rat Days 1 1 . 6
I t  i s  obvious th a t  the lon ger  the p er iod  o f e q u i lib r a t io n  the h igh er the  
v a lu e  o f s i s .  This shows the weakness o f the method th a t assumes 
eq u ilib r iu m  by the end o f a 30 min p e r io d . I t  i s  s e n s ib le  to  assume 
th a t  s changes as a r e s u l t  o f e x tr a  body s to r e s  o f  C02 w ith  longer  
h a lf  l iv e s  r e le a s in g  th e ir  COp.
The measurement o f  i n - f l i g h t  P C0o i s  d i f f i c u l t  because theh i  z
equipment i s  too  la r g e , i t  i s  n ot s ta b le  under c o n d itio n s  o f vary in g
and tem perature and i t  does n ot have a f a s t  enough r i s e  tim e. I t  cou ld
h elp  in  th e  c o n str u c t io n  o f such a m easuring d ev ice  i f  the compromise
could  be made to  a ccep t a slow er r e a c t io n  tim e and a ccep t the measurement
o f P-C0„, Exam ination o f the r e la t io n s h ip  between P^CO and E 2 El 2
correspond ing l e v e l s  o f  PgC02 during hypocapnic and normocapnic hyper­
v e n t i la t io n  shows th a t P„„C0- > P-CO.; t h is  d if fe r e n c e  d ecrea ses  as  
, EJ. 2  E 2
V„ in c r e a s e s .  The v a lu e s  ob ta in ed  in  th is  study are shown in  F igure 32, 
E
The ex p la n a tio n  fo r  t h is  l i e s  in  the Bohr eq u ation  which i s  exp la in ed
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*F igure 32. The R e la tio n sh ip  Betx^een the AP-- -C 0n and V -. The
E l —h Z E
shaded b lo ck s rep resen t the area covered by mean -  1 SD 
fo r  ApErp_gC02 and Vg in  hypocapnic h y p e r v e n t ila tio n ;  the  
unshaded b lock s rep resen t the same fo r  normocapnic 
h y p e r v e n t ila t io n .
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in  b a s ic  p r in c ip le s  in  F igure 33 . In th is  F ig u r e , i t  i s  assumed th a t
the same shape o f  b reath  i s  b e in g  d iscu ssed  in  each c a s e . The P^CO-EI A
fo r  a normal breath  and for  a hypocapnic breath  i s  p ro p o rtio n a l to  the
h e ig h t  o f BC; fo r  a breath  in  normocapnic h y p e r v e n t ila t io n , the P^CCL
E l  Z
i s  p ro p o rtio n a l to  the h e ig h t o f  BCE, where CE i s  p ro p o rtio n a l to  P^CC^.
In the same way, fo r  the normal b reath  and the hypocapnic b rea th , the
PE ^ 2  ProPort:*-ona  ^ t0 Pbe area bounded by ABC; fo r  the breath  in
normocapnic h y p e r v e n t ila t io n , the eq u iv a le n t va lu e  i s  g iven  by the area
DABCE. I f  each breath  were a square wave, then Pg^CC  ^ would equal PgC° 2 *
I t  th e r e fo r e  fo llo w s  th a t the d if fe r e n c e  between PwrT1COn and P^ CCL i s
E l  A E 2
p ro p o rtio n a l to  the area bounded by AFB. As BC d im in ish e s , so does the
area AFB. T herefore in  hypocapnic h y p e r v e n t ila t io n , the d if fe r e n c e
between Pg^C*^ anc  ^ ^E^ 2  d im in ish . In normocapnic h y p e r v e n t ila t io n ,
the area AFB re p r ese n ts  a fa r  sm aller  prop ortion  o f th e  t o t a l  area DABCE
than o f  the area ABC in  hypocapnic h y p e r v e n t ila t io n . I t  th e re fo r e
fo llo w s  th a t  the d if fe r e n c e  between P C0o and P^CO_ i s  even sm a ller  in
E l  A E A
normocapnic h y p e r v e n t ila t io n  than i t  i s  in  hypocapnic h y p e r v e n t ila t io n .
E q u a lly , as Vg in c r e a s e s ,  P-j-CO^  in c r e a s e s , area AFB d ecrea ses  and th e r e fo r e
the d if fe r e n c e  between pEj.C02 and pgC°2 s t i - l l  fu r th e r  d im in ish e s . This
i s  fu r th e r  com plicated  by the c o n s id e r a tio n  o f an extended b rea th . The
f i r s t  p o r tio n  o f a b rea th  seen  on the P„mC0o tra c e  i s  r e la te d  to  V^  in  L ET 2 D
which th ere  i s  on ly  ambient CO ;^ the second p o r tio n  i s  r e la te d  to  a m ixture
o f  Vg and emptying a l v e o l i ;  the th ir d  p o r tio n  i s  the e sta b lish m en t o f  an
e q u ilib r iu m  r e p r ese n tin g  the l e v e l  o f P^CCL. Thus the area under the
E l  Z
curve i s  made up o f  2 p o r t io n s :  AXY r e f l e c t in g  the s iz e  o f Vg and YXBC
r e f le c t in g  tim e. The lon ger  th e  b rea th , the nearer to  the Pg^CO  ^ the
P-CO- w i l l  become, a lthou gh  i t  w i l l  never make up fo r  the dead space  
E A
e f f e c t  which i s  d e fin ed  by the Bohr eq u ation .
CONCLUSIONS
This chapter has d e fin ed  fu r th e r  what happened to  su b je c ts  exposed to  
th e  experim ent d escr ib ed  in  Chapter 5 . I t  has a ls o  c la r i f i e d  the s u b j e c t ’s 
s t a t e  in  the experim ent d escr ib ed  in  the fo llo w in g  ch a p ter . Washout a t  
20 L/min fo r  30 min w i l l  e x tr a c t  j u s t  over 4L o f  CO^  from the body s to r e s ;  
The correspond ing v a lu e  fo r  30 L/min i s  j u s t  over 5 |L . I t  i s  apparent 
th a t  recovery  tak es a long tim e; r e sp ir a to r y  v a r ia b le s  may recover  to  
normal l e v e l s  w h ile  th e  CO^  s to r e s  are s t i l l  d e p le te d . F in a l ly ,  another  
e a s ie r  way o f  m easuring i n - f l i g h t  v e n t i la t io n  than d ir e c t ly  m easuring
PET^ 2  kas proved to  be im p r a c tic a b le ,
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CHAPTER 8
THE EFFECTS OE HYPOCAPNIA ON PSYCHOMOTOR PERFORMANCE -  I 
INTRODUCTION
I t  has long been accep ted  th a t h y p e r v e n tila tio n -in d u c e d  hypocapnia  
has a d ep ressan t e f f e c t  on c e re b r a l perform ance. T his i s  thought to  be 
in i t i a t e d  by a red u ctio n  in  cere b r a l b lood flow  (CBF) cau sin g  cere b r a l  
hypoxia . Harp & Woliman (1973) suggested  th a t the lo w est l e v e l  o f CBF 
th a t  could  be to le r a te d  by normal man w ithout s ig n s  o f cereb ra l "m etabolic  
decompensation" would be 30 m l/lOOg/m in. Using the form ula o f R e iv ich
(1 9 6 4 ), t h is  would be e q u iv a le n t  to  a P C00 o f  20 mm Hg.3- Z
Rahn e t  a l  (1946) found th a t a t  t h is  l e v e l  o f hypocapnia th ere  were
marked psychomotor e f f e c t s .  U n fo rtu n a te ly , o f the 3 t e s t s  th a t y ie ld e d
th is  r e s u l t ,  2 were very  motor o r ie n ta te d ;  they would th e r e fo r e  be
s u s c e p t ib le  to  the e f f e c t s  o f carp a l spasm th a t would be expected  a t  th is
l e v e l  o f  hypocapnia (Grant & Goldman, 1920 ). Other w orkers, fo r  example
G ellhorn  & Spiesman (1935a, 1935b) and G ellhorn & K raines (1937) found
a lte r a t io n s  in  oth er  cere b r a l fu n c t io n s , but e ith e r  did n ot c o n tro l
v e n t i la t io n  a d eq u a te ly , or d id  not measure FCO^  or d id  not con tin u e
h y p e r v e n t ila t io n  fo r  very  lo n g . D enison e t  a l  (1976) found s ig n if ic a n t
decrem ents in  the perform ance o f a ta sk  th a t can s t i l l  be performed
e a s i ly  w ith  carp a l spasm (Denison & Byford, 1976) a t v a r io u s  c o n tr o lle d
le v e l s  o f P^CO- superim posed on l e v e l s  o f hypoxia ,Hil Z
The in v e s t ig a t io n  reported  here was conducted to  study the tim e course  
o f any psychomotor decrem ent appearing during hypocapnic h y p e r v e n t ila t io n  
and recovery  from hypocapnic h y p e r v e n t ila t io n .
METHODS
This experim ent was c a r r ie d  out in  con ju n ction  w ith  the in v e s t ig a t io n  
o f r e sp ir a to r y  v a r ia b le s  during h y p e r v e n t ila t io n  which i s  d escr ib ed  in  
Chapters 6 and 7. To summarize, the phases o f each experim en tal run 
were as fo llo w s :
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1. A stab iliza tion  period of controlled normocapnic hyperventilation.
2+. A co n tro l p er iod  o f normocapnic h y p e r v e n t ila t io n  la s t in g  32 min 
during which Epochs 1 to  4 o f the psychomotor ta sk  were perform ed,
3 . A washout p eriod  o f hypocapnic h y p e r v e n t ila t io n  (or in  c o n tro l  
c o n d itio n s  a fu r th er  p eriod  o f normocapnic h y p e r v e n t ila tio n )  during  
which Epochs 5 to  8 o f  the psychomotor task  were perform ed.
4 , A fr e e  b rea th in g  recovery  p eriod  in  which Epochs 9 to  12 o f  
the psychomotor ta sk  were perform ed.
The 4 c o n d itio n s  stu d ied  were as fo llo w s :
1. Normocapnic h y p e r v e n t ila t io n  a t  20 L/min (C on d ition  1 ) ♦
2 . Hypocapnic h y p e r v e n t ila t io n  a t 20 L/min (C on d ition  2 ) .
3 . Normocapnic h y p e r v e n t ila t io n  a t 30 L/min (C on dition  3 ) .
4 . Hypocapnic h y p e r v e n t ila t io n  a t  30 L/min (C on d ition  4 ) .
The order in  which each su b je c t  faced  the exposures was random ized.
D e ta i ls  o f the su b je c ts  and the order in  which they  c a rr ied  out th e ir  
experim en tal runs are g iven  in  Table 24. A schem atic diagram o f the  
apparatus i s  shown in  F igure 34 and o f the b rea th in g  c ir c u i t  in  F igure 35. 
D e ta ils  o f th ese  are g iv en  in  Chapter 6 ,
Table 24
D e ta ils  o f S u b jects  and the Order in  Which They d id  the Experiment
S ub ject Age
yrs
C ondition  Number
F ir s t  
.E xposure.
Second 
. .Exposure
Third
Exposure
Fourth  
Exposure
IB 36 4 1 2 3
NB 22 1 2 4 3
JG 30 2 1 3 4
BL 31 1 3 2 4
.IY 2 1  . . 3 ........... 1 2 4
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Psychomotor perform ance was measured u sin g  the m anikin task  
developed by Benson & Gedye (1963) and r e fin e d  by D enison & Byford (1 9 7 6 ). 
In t h is  ta sk , the su b je c t  d e c id es  in  which hand a m anikin (F igure 3 6 ) ,  
p r o jec ted  on a sc re e n , i s  h o ld in g  a p la te  o f the co lou r o f the bar a t  
the bottom  o f th e  s l i d e .  The m anikin can be on h is  f e e t  or up sid e down, 
fa c in g  or fa c in g  away from the s u b je c t , or h o ld in g  a red or b lu e  p la te  
in  h is  r ig h t  or l e f t  hand. There are th e re fo r e  16 p o s s ib le  com b inations. 
Mien the su b je c t  has decid ed  the answer, he p r e sse s  the bu tton  on the  
corresponding arm on the ch a ir  on which he i s  s i t t i n g .  The resp o n se , 
r e a c t io n  tim e and s l id e  id e n t i f ic a t io n  were re layed  on to  m agnetic tape
fo r  subsequent computer a n a ly s is ;  a back-up system  su p p lied  the paper
#
p r in to u t  o f the same d a ta .
Each b lo ck  or "Epoch" o f the ta sk  la s te d  4 min during which tim e 
th e  su b je c t  was p resen ted  w ith  80 s l i d e s .  To p reven t c o n f l i c t  between  
th e  tim in g o f the s l id e s  (one every 3 s) and the tim in g o f r e s p ir a t io n  
(one b reath  every 3s ) , the b leep er  c o n tr o ll in g  r e s p ir a t io n  was sw itched  
o f f  a t  the s t a r t  o f each epoch and on again  a t  the end o f each epoch.
During epochs, the su b je c t  was in s tr u c te d  to  in h a le  as each s l id e  appeared  
and to  ex h a le  as he p ressed  the answer b u tton . This th e r e fo r e  gave the  
same r e sp ir a to r y  freq u en cy . There was a 4 min r e s t  between each epoch 
during which tim e the su b je c t  continu ed  h y p e r v e n t ila t io n . A te le ty p e  
machine was includ ed  in  the manikin ta sk  c o n tr o l c i r c u i t  (F igure 34) so 
th a t epoch i d e n t i f ic a t io n  cou ld  be g iven  on the m agnetic tape between  
each epoch.
Each su b je c t  underwent tr a in in g  in  the ta sk  b e fo re  s ta r t in g  the  
experiment^ in  th e  way recommended by Denison & Byford (1 9 7 6 ), Each 
.su b ject tra in ed  fo r  a minimum o f 6 h a l f  hour s e s s io n s ,  w ith  no more than  
2 s e s s io n s  in  any one day or more than 2 days between s e s s io n s  or 
experim en ta l ru n s. S u b jects  who could  n ot ach ieve  a minimum o f 76 c o r r e c t  
resp on ses rep e a te d ly  in  the f in a l  tr a in in g  runs were r e je c te d . Of 8 
su b je c ts  approached, 3 were r e je c te d :  2 because they  could  not a ch ieve  
the minimum number o f c o r r e c t  r e sp o n se s , and one because he could not 
m aintain  a m inute volume of 30 L/min for  one hour.
Four carousels of 80 slid es each were prepared, made up of groups
of 16 balanced for d iff ic u lty  and position of the manikin; each carousel
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could  be p layed  forwards or backwards. Thus the s u b je c t , a lthou gh  
exposed to  48 epochs throughout the experim ent, was on ly  exposed to  each  
order o f s l id e s  on 6 o c c a s io n s . The order in  which the ca r o u se ls  were 
shown to  be su b je c ts  was random ized.
RESULTS
The mean r e a c t io n  tim es fo r  each su b jec t in  each epoch are shown 
in  Tables 25 and 26; th e  mean r e a c t io n  tim es fo r  each epoch in  each  
c o n d itio n  are shown in  F igure 37. The errors made by each su b je c t  in  
each epoch are shown in  Tables 27 and 28; the t o t a l s  o f  erro rs  made in  
each phase o f each c o n d itio n  are shown in  F igure 38 .
Table 25
Mean. R eaction  Times to  the Manikin Task During 20 L/min
H y p erv en tila tio n
Epoch R eaction  Time (seconds)
C ontrol (C ondition  1) Washout (C ondition  2)
Su b jects
1 2 3 4 5 1 2 3 4 5
1 0 .7 6 0 .9 7 0 .7 1 1.05 0 .77 0 .7 3 0 .7 3 0 .7 2 1 .09 0 .75
2 0.68 0 .9 2 0 .6 7 1 . 0 2 0 .82 0 .69 0 .76 0 .6 7 1 .1 4 0 .7 7
3 0 .7 0 0 .9 0 0.68 1 . 0 1 0.86 0.66 0 .7 9 0 .6 7 1.08 0 .8 1
4 0 .6 3 0 .9 3 0.68 1 . 1 0 0.86 0 .75 0 .7 9 0 .6 7 1.06 0 .7 3
5 0 .6 4 1 . 0 0 0 .7 2 1.05 0.86 0 .7 0 0 .7 7 0 .7 0 1.07 0 .7 8
6 0 .69 0 .8 9 0 .7 2 1 . 1 0 0 .8 4 0.68 0 .7 1 0 .7 0 1 . 1 2 0 .8 1
7 0 .6 7 0 .9 1 0 .6 9 1 .03 0 .79 0 .7 1 0 .7 1 0 .7 1 1.16 0 .8 5
8 0.68  . 0 .8 9 0 .7 1 1 .04 0 ,79 0 .65 0 .7 0 0 .7 0 1.15 0.86
9 0 .6 9 0 .9 6 0 .7 0 - 0 .8 2 0 .69 0 .7 3 0 .7 4 1.17 0 .85
10 0 .7 3 0.86 0 .7 7 0 .9 9 0 .8 4 0 .75 0 .7 6 0 .7 1 1 . 1 2 0 .9 0
1 1 0.66 0 ,9 1 0 ,7 3 0 .9 9 0 .8 3 0 .7 5 0 .7 8 0 .7 7 1 . 1 2 0.88
12 0.68 0 .85 0 .7 5 1 . 1 1 0 .8 3 0 .6 9 0 .7 4 0 .7 9 1 . 1 0 0.88
134
Table 26
Mean Reaction Times to the Manikin Task During 30 L/min Hyperventilation
Epoch R eaction  Time (seconds)
C ontrol (C ondition  3) Washout (C ondition  4)
Su b jects
1 2 3 4 5 1 2 3 4 5
1 0 ,7 1 0 .6 3 0 .67 0 .9 9 0 .89 0 .79 0 ,6 7 0 .6 1 0 .9 6 0 .7 3
2 0 .7 1 0 .6 3 0 .6 4 1.09 0 .87 0 .76 0 .6 7 0 .6 3 1 . 0 2 0 .7 7
3 0 .6 9 0 .6 3 0 .69 1 ,03 0 .8 7 0 .8 1 0 ,65 0 .6 4 0 .9 7 0 .8 0
4 0.66 0 .6 2 0 .6 7 1.06 0 .8 3 0 .7 8 0.66 0 .6 1 1 .0 4 0 .7 6
5 0 ,6 3 0 .6 1 0 ,65 1.05 0 .9 0 0 .7 3 0.66 0 .6 7 0 .95 0 .7 1
6 0,68 0 .6 2 0 .6 4 1 . 1 2 1 ,04 0 .8 1 0.66 0 .72 1 .04 0 .8 9
7 0 .69 0 ,6 0 0 .65 1 ,08 0 .95 0 .76 0.66 0 .7 7 1 .1 4 0.88
. 8 .0.66 0 ,6 2 .0 ,6 4 . 1 ,08 0 ,8 7 0 .7 6 0 .6 4 0 .6 9 1 . 1 2 0 .7 6
9 0 .7 1 0 .6 1 0 .6 9 0 .95 0 .9 0 0 .7 1 0.66 0 .7 2 1.09 0 .8 9
10 0 ,7 0 0 ,6 2 0 .7 4 1 . 0 0 0 .96 0 .8 0 0 .6 9 0 .7 3 1 .30 0.86
1 1 0 .7 1 0 .65 0 ,69 1 .04 0 .96 0 .8 3 0 .6 7 0.70 1 .13 0 .8 3
12 0 ,75 0 ,6 1 0.66 1.17 0 .9 0 0 ,8 4 0,66 0 .7 1 1 . 0 0 0 .8 2
Table 27
Errors i i i  the M anikin Task During 20 L/min H y p e rv e n tila tio n
Epoch Number o f Errors
C ontrol (C ondition  1) Washout (C ondition  2)
S ub jects
1 2 3 4 5 1 2 3 4 5
1 0 8 1 1 1 1 1 3 0 0
2 0 4 1 0 2 0 0 1 0 4
3 1 5 0 0 1 0 2 0 0 3
4 . .0 . . . 1 . . 0 1 4 0 1 2 1 2
5 0 5 1 1 0 1 0 2 1 2
6 0 1 0 0 2 1 I 2 0 3
7 0 0 0 0 0 1 1 0 0 1
' 8 .1 . . . 2 . . 0 . 0 0 . 0 . . . 0 . . .1  . 0 .6
9 0 4 1 r* 2 1 0 0 0 3
10 0 3 1 0 2 0 0 0 0 5
1 1 0 3 0 2 4 0 0 1 0 3
12  . . .0 . . . 1 . . . 0 .2 1 1 1  . 0 0 . 5
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Figure 37. The Mean R eaction  Times fo r  Each Manikin Task Epoch in
the 4 C on d ition s: 20 and 30 L/min Normocapnic H y p e rv e n tila tio n  
(o and A) and 20 and 30 L/min Hypocapnic H y p e rv en tila tio n  
(o and x ) , Each p o in t i s  the mean o f  400 v a lu e s . There i s  
no s ig n if ic a n t  d if fe r e n c e  between c o n d it io n s .
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[” ™ | 20 L/min Control (1)
Figure 38. T o ta l Manikin Task Errors fo r  A ll  S u b jects  During
H y p e r v e n tila t io n . Each bar rep resen ts  the t o t a l  number 
o f erro rs  from 20 ep och s. There was no s ig n i f ic a n t  
d if fe r e n c e  between c o n d it io n s .
30  L /m in  Contro l (3) 
2 0  L /m in  W as h o u t {2 )  
3 0  L /m in  W ashou t (4)
W A S H O U T - - *® — *> -  RECOVERY
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Table 28
Errors in the Manikin Task During 30 L/min Hyperventilation
Epoch Number o f Errors
C ontrol (C ondition  3) Washout (C ondition  4)
S u b jects
1 2 3 4 5 1 2 3 4 5
1 0 1 1 0 4 0 0 2 0 2
2 0 1 1 0 3 0 2 . 2 0 0
3 0 1 0 0 2 1 0 1 0 2
. 4 0 1 1 0 4 0 1 0 0 1
5 1 0 1 0 4 0 2 2 0 5
6 0 2 0 0 6 1 5 3 2 8
7 0 0 0 0 .2 0 3 3 2 4
8 0 1 0 1 2 1 0 0 1 5
9 1 0 0 0 1 0 1 0 0 1
10 0 2 0 0 1 0 0 0 4 3
1 1 0 2 1 0 0 0 0 0 0 5
12 0 1 0 0 2 1 1 2 0 2
By grading the mean P C0o v a lu e s  fo r  each epoch, i t  was p o s s ib le  toEJl Z
count the number o f erro rs  occu rrin g  in  each P C0„ band. The r a t io  o fhi l  z
the number o f  the number o f  erro rs  in  each epoch i s  p lo t te d  a g a in s t  5 mm Hg 
bands o f  £ET^02 in  F igure 39.
A nalyses o f va r ia n ce  showed no s ig n if ic a n t  d if fe r e n c e s  between mean 
r e a c t io n  tim es fo r  each su b je c t  in  the 12  epochs in  the 4 c o n d it io n s .
The same r e s u lt  was found fo r  the a n a ly s is  o f the e r r o r s . However,
D enison & Byford (1976) su g g est th a t the data can be handled in  a d i f f e r e n t  
way. F i r s t l y ,  the r e a c t io n  tim es r e la t in g  to  any erro rs  are d isca rd ed ,
The data are norm alized and the decrem ents in  r e a c t io n  tim es accum ulated  
in  th e  fo llo w in g  way, The s l id e s  are c a te g o r iz e d  in to  the 4 b a s ic  
types? v i z ,  w ith  the m anikin fa c in g  the su b je c t  and u p r ig h t , not fa c in g  
and u p r ig h t, fa c in g  and upside down and not fa c in g  and upside down.
The mean r e a c t io n  tim e fo r  each o f th e se  typ es from Epochs 1 , 2 and 4 
fo r  each run i s  ob ta in ed  by computer, Then, each o f  the epochs in  turn  
(3 , then  s u c c e s s iv e ly  5 through to  12) i s  taken in  turn and examined 
a g a in s t  the c o n tr o l Epochs 1, 2 and 4 , Each s l id e  i s  c a te g o r iz e d , and
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and i t s  r e a c t io n  time i s  d iv id ed  by the r e a c t io n  tim e fo r  th a t  ca tegory  
o f s l i d e .  This g iv e s  an answer o f about 1 .0 . I f  the answers are  
summed over a whole epoch, then the t o t a l  a t  the end o f a c o n tr o l epoch 
would be 80 . I f ,  a f te r  o b ta in in g  th e  norm alized r e a c t io n  tim e fo r  each  
s l i d e ,  1 . 0  i s  su b tracted  from each norm alized r e a c t io n  tim e b efore  they  
are summed, then the accum ulated t o t a l  fo r  each epoch th a t i s  a c o n tr o l  
should be zero . I f  i t  i s  n o t a c o n tro l epoch, the r e s u l t  w i l l  be a 
d e v ia t io n  from zero i f  the experim ent imposed s u f f i c i e n t  s t r e s s  on the  
su b je c t  to  produce an e f f e c t .  This d e v ia tio n  w i l l  correspond to  a 
cum ulative decrem ent or improvement, and i t  w i l l  be in  numbers o f r e a c t io n  
t im e s . I f  t h is  p ro cess  o f summing i s  continued fo r  a l l  epochs, a t o t a l  
decrement or improvement in  r e a c t io n  tim es can be ob tain ed  fo r  the e n t ir e  
experim ent. The r e s u l t s  o f t h is  procedure are shown in  T ables 29 and 30. 
Table 31 shows the mean cum ulative decrem ents for  each epoch in  each  
c o n d it io n , and th e se  are graphed in  F igures 40a to  40e.
Table 29
Cumulative Decrement in  R eaction  Times a t the Endpoint o f Each Epoch o f
the Manikin Task During Normocapnic aiid Hypocapnic H y p e rv e n tila tio n  a t  20L/min
and Recovery
Epoch
*
Number o f R eaction  Times
. C ontrol (C o n d it io n . 1) . . . . . W ashout(C ondition 2)
Su b jects
1 2 3 4 5 1 2 3 4 5
. 3 . 1 , 2 - 3 .7 - 0 .9 - 3 ,3 3 .3 - 7 ,0 3 .4 - 2 ,4 - 1 . 6 5 .9
5 - 4 ,9 1 .5 3 .5 - 3 .7 7 .4 - 8 ,7 4 .8 - 0,8 - 3 .4 8 . 2
6 - 5 .0 - 3 .0 7 .1 - 0 .4 1 0 . 2 -1 4 .0 - 0 ,5 0 .9 - 1 . 6 15.1
7 - 7 ,3 - 5 ,6 7 .0 - 2 , 1 7 .4 -1 5 .4 -5 .9 3 .4 2 .7 2 5 .9
. 8 - 9 ,3 - 9 ,0 1 0 . 0 - 2 ,9 4 ,1 -2 3 .9 - 1 2 , 0 4 .3 6 . 1 3 8 .4
9 - 9 .9 - 6,8 1 2 . 2 - 3 .4 5 ,0 -2 7 .3 -1 4 ,9 9 ,6 10.9 49 ,8
10 - 6,8 -1 3 ,6 22 .6 - 7 ,5 6 ,9 -2 5 .3 -1 4 .8 11 .5 1 2 . 2 66.6
1 1 - 10 ,8 -1 5 ,8 27 ,5 -1 2 ,3 7 ,8 - 2 2 , 2 - 1 2 . 8 2 0 . 1 13.7 80 ,0
. .12  . . .-1 2 ,3 -2 3 .9 35 .6 - 8 . 2  . 9 .2 -2 6 ,9 -1 4 .5  . 31 .2 13 .4  . 93 .7 \
*N ote: Decrements are m easured, th e r e fo r e  a n e g a tiv e  number
in d ic a te s  an improvement and a p o s i t iv e  number a decrem ent.
140
De
cr
em
en
t 
m 
re
ac
tio
n 
tim
es
JJjjj 2 0  L /m in  control (1 )  
20  L/min w a s h o u t (2 )  
Mean v a lu es  ± 1 SE
 ....  I—---- _!----    1------------  1_______ !____ _1_____
3 5 6 7 8 9 10 11 12
Epoch
Control W ashout Recovery
Figure 40a. The Mean Cumulative Decrement in Reaction Time to
the Manikin Task: Conditions 1 and 2.
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Figure 40b, The Mean Cumulative Decrement in Reaction Time to
the Manikin Task: Conditions 1 and 3.
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Figure 40c, The Mean Cumulative Decrement in Reaction Time to
the Manikin Task: Conditions 1 and 4.
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Figure 40d. The Mean Cumulative Decrement in Reaction Time to
the Manikin Task: Conditions 2 and 4.
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Figure 40e. The Mean Cumulative Decrement in Reaction Time to
the Manikin Task: Conditions 3 and 4,
Table 30
Cumulative Decrement in  R eaction  Times a t  the Endpoint o f  Each Epoch o f  
the Manikin Task During Normocapnic and Hypocapnic H y p e rv e n tila tio n  a t  
30 L/min and Recovery
Epoch
A
Number o f  R eaction  Times
C ontrol (C ondition  3) Washout (C ond ition  4)
S u b jects
1 2 3 4 5 1 2 3 4 5
3 0 .3 0 .5 3 .3 - 1 .7 0 2 .7 - 2 . 2 2 .9 - 3 .0 5 .2
5 -6 .7 - 1 .3 1 .7 - 2 . 0 4 .2 - 2 . 2 - 3 .6 9 .5 - 7 .8 0 . 2
6 - 8 . 2 -2 .5 - 0 .7 3 .1 20 .5 0 .4 - 3 .8 2 3 .3 -4 .8 14,4-
7 - 8 .7 - 5 .9 - 2 . 0 5 .2 28.6 - 1 .3 - 5 .1 42 .8 6 .5 2 7 .4
.8 . -1 2 .9 -7 .5 -4 .7 7 .1 2 9 .4 -3 .5 - 8 .3 5 1 .8 15 .6 2 7 .9
9 -1 0 .4 - 9 .8 - 1 .4 - 0.8 32 .3 -1 0 .7 - 9 .2 6 4 .7 2 2 .3 4 2 .0
10 - 9 ,3 -1 0 .7 8.8 - 4 .3 41 .7 - 9 .1 - 7 .1 78.5 48 .8 5 5 .4
1 1 - 7 .0 - 8,0 12.5 - 4 .8 5 0 .1 - 4 .7 - 7 .0 8 9 .1 5 8 .9 6 3 .4
. 12  . . . - 1 . 2 - 9 .3 13 .0 4 .1 53 .5 2 . 2 - 7 .5 100.5 5 8 .0 7 0 .2
Table 31
Mean Cumulative Decrement in  R eaction  Times a t  the end of Each Epoch 
o f  the Manikin Task
A.
Number o f R eaction  Times
Epoch 20 L/min C ontrol 20 L/min Washout 30 L/min Control 30 L/min Washout
Mean se Mean se Mean se Mean se
3 - 0 .7 1 . 2 - 0 .3 2 .3 0 .5 0.8 1 . 1 1 . 6
5 0 . 8 2 . 1 0 .0 3 .0 - 0.8 1 . 8 - 0.8 2 .9
• 6 1 . 8 2 . 6 0 .0 4 .6 2 .4 4 .9 5 .9 5 .5
7 - 0 . 1 2 . 8 2 . 1 6.8 3 .4 6 .7 14 .1 9 .1
8 - 1 .4 3 .4 2. 6 10.5 2 .3 7 .5 16 .7 10 .9
9 - 0.6 4 .1 5 .6 13 .2 2 , 0 7 .8 2 1 . 8 14 .6
10 0 .3 5 .8 1 0 .0 15 .9 5 .2 9 .7 33 .3 17 .6
1 1 - 0 .7 7 .3 15.8 17 .9 8.6 1 1 . 0 43 .4 19 .4
12  . 0 . 1 9 .2 19 ,4 2 1 . 1 1 2 . 0 1 1 . 0 46 .0 20 .5
N ote; The measurement i s  in  decrem ents, th e r e fo r e  a n e g a tiv e  number
in d ic a te s  an improvement and a p o s i t iv e  number a decrem ent.
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DISCUSSION
I t  i s  apparent from F igure 38 th a t more errors were made in  the
washout phase o f C on dition  4 (30 L/min washout) than in  any other phase.
However, th ere  was no s ig n i f ic a n t  d if fe r e n c e  in  erro rs  between c o n d it io n s .
One su b jec t co n tr ib u ted  most o f the erro rs  in  C ondition  1 and another
su b je c t  co n tr ib u ted  most o f  the erro rs  in  C ondition  3 . I t  i s  apparent
from F igure 39 th a t the lower the PgrpCO ,^ the more erro rs  are made;
however, su b je c ts  have to  be below a Pg^CO  ^ o f 20 mm Hg fo r  t h is  to
become n o t ic e a b le .  S u b jects made an average of 1 error /ep och  a t  Pg^ CO^ ,
v a lu e s  between 20 and 40 mm Hg; from 15 to 20 mm Hg, they  made an average
o f  If erro rs /ep o ch ; and from 1 0 .to  15 mm Hg they made an average of 2
e r r o r s /e p o c h . This data i s  not r e a l ly  balanced , however, as on ly  4 epochs
had P CO. v a lu e s  l e s s  than 15 mm Hg whereas 142 epochs had v a lu es  between  
E i  Z
35 .1  and 4 0 .0  mm Hg. I t  i s  worth n o tin g  th a t the average o f 2 e r r o r s /  
epoch a t P C0o v a lu e s  below  15 mm Hg would s t i l l  have s a t i s f i e d  theE l Z '
c r i t e r i a  fo r  s e le c t in g  su b je c ts ;  su b je c ts  who, a f t e r  t r a in in g , averaged
more than 4 erro r s /e p o c h  were n ot a llow ed  to  take p art in  the experim ent.
A n alyses o f v a r ia n ce  y ie ld e d  no s ig n if ic a n t  d if fe r e n c e s  between  
mean r e a c t io n  tim es fo r  epochs in  the 4 d i f f e r e n t  c o n d it io n s . On the  
oth er  hand, the D enison & Byford techn ique o f a n a ly s in g  the r e s u lt s  shows 
se v e r a l p o in t s .  F i r s t l y ,  the data are very n o is y , and t h is  i s  
m an ifested  in  th e  very  la rg e  standard e r r o r s . The in c r e a s in g  standard  
error  w ith  tim e i s  a hallm ark o f the tech n iq u e, because d if fe r e n c e s  
between su b je c ts  are added in  as the snow ball o f decrem ents accum ulates. 
However, the techn ique a llow s the fo llo w in g  o b serv a tio n s  to  be made:
1. There was no accum ulation o f decrement during the 20 L/min 
c o n tr o l c o n d it io n , This supports the a s s e r t io n s  o f Denison & Byford  
th a t th e  ta sk  i s  one th a t  can be used over extended p er iod s o f time 
w ith ou t boredom,
2 , There was an accum ulated decrement o f r e a c t io n  tim es in  the  
20 L/min washout c o n d it io n  which on ly  became apparent during the  
recovery  ph ase, However, the decrement was not s ig n i f ic a n t ly  
d if f e r e n t  from the 20 L/min c o n tr o l ,  The same may be sa id  fo r  
th e  30 L/min c o n tr o l c o n d it io n ,
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3. In the 30 L/min washout c o n d it io n , a decrement s ta r te d  
accum ulating during epoch 6 , and by the m iddle of epoch 7 i t  had 
become " s ig n if ic a n t ly "  d i f f e r e n t  from the 20 L/min c o n tro l c o n d it io n .  
This decrem ent continu ed  to  accum ulate during the recovery  phase 
so th at by the end o f epoch 12  i t  w a s " s ig n if ic a n t ly " d if fe r e n t  from
th at o f the 30 L/min c o n tr o l .
Before commenting on t h i s ,  i t  i s  n ecessa ry  to em phasize th a t the technique
i s  c e r ta in  to  be c o n tr o v e r s ia l  as it" could  have s t a t i s t i c a l  w eaknessesL •_ ' ' -  • • -•=- •—J
(F erres , p erson a l com m unication). However, i f  th a t i s  s e t  a s id e  for  
the moment, the r e s u lt s  su g g est s e v e r a l in te r e s t in g  p o in t s .  F i r s t l y ,  
s in c e  the 20 L/min c o n tr o l d id  not accum ulate any decrem ent, one may
Icjr •- •" .3 1V ]
in fe r  th at th is  c o n d itio n  d id  not apply any s tr a in  to  the su b je c t  th at  
can be measured by th is  psychomotor ta sk . I t  can a ls o  be in fe r r e d ' th at  
the d u ration  and s t y l e  of the experim ent did  not have any psychomotor 
c o s t .  Secondly , the 30 L/min c o n tro l did accum ulate a decrem ent, 
although t h is  was not " s t a t i s t i c a l ly "  d i f f e r e n t  from th a t o f the 20 L/min 
c o n tr o l .  Table 30 in d ic a te s  th a t fo r  one s u b je c t , the e f f o r t  o f 30 L/min
normocapnic h y p e r v e n t ila t io n  must have been a s ig n i f ic a n t  s t r a in .  In
the same way, the 20 L/min washout a p p lied  a s tr a in  to  3 o f the 5 s u b je c ts ;  
the o th er  2 w ere, how ever, stim u la ted  to  improve t h e ir  r e a c t io n  tim es.
The 30 L/min washout a p p lied  a grea ter  s tr a in  to the same 3 su b je c ts  and
the other 2 su b je c ts  did  n ot improve th e ir  r e a c t io n  tim es as much.
Furtherm ore, for  th o se  su b je c ts  a f f e c t e d ,  the removal o f the s t r e s s  and 
the recovery  o f the r e sp ir a to r y  param eters towards c o n tr o l l e v e l s  did n ot  
a r r e s t  the accum ulating decrement in  r e a c t io n  tim es a f t e r  the 30 L/min
w ashout. T h erefore , th e se  su b je c ts  not on ly  found th e ir  exposures
s t r e s s f u l ,  but a ls o  fa t ig u in g ,
The fa c t  th a t su b je c ts  r e a c t  d i f f e r e n t ly  to  the same s tr e s s  i s  hard ly
su r p r is in g . For example Stoddart (1965) found th a t one o f h is  su b je c ts
became unconscious tw ice  a t P„„C0o v a lu es  th a t h is  other su b je c tsb J. z
to le r a te d  e a s i l y .  Balke & L i l le h e i  (1956) a lso  found th at su b je c ts  
va r ied  w id e ly  in  th e ir  psychomotor resp on ses to  h y p e r v e n t ila t io n . The 
ta sk  they used was a com p licated  h an d /foo t c o -o r d in a tio n  task ; i t  i s  
probable th e r e fo r e  th a t the perform ance decrement they reported  was 
co n tr ib u ted  to by the te ta n y  they a ls o  rep orted . This study has 
id e n t i f ie d  some su b je c ts  who r e a c t  a d v erse ly  to  h y p e r v e n t ila t io n , a lthou gh
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\I t  i s  p o s s ib le  to  study the r e la t io n s h ip  between erro rs  and r e a c t io n  
tim e, in  d i f f e r e n t  phases o f th e  experim ent in  the fo llo w in g  way. I f ,  
in  th e  hypocapnic ru n s, the mean r e a c t io n  tim e and the mean number o f  
erro rs fo r  each su b je c t  in  the c o n tro l phase are su b tra cted  from the  
e q u iv a le n t v a lu es  fo r  the washout and recovery  p h a ses , i t  i s  p o s s ib le  
to  d ec id e  whether the v a lu es  are in c r e a s in g  or d ecrea sin g  as the su b je c t  
proceeds from one phase of the experim ent to  the n e x t . The v a r ia t io n s  
o f the washouts from the c o n tr o l c o n d itio n s  are shown in  Table 32 and 
F igure 41. The correspond ing v a lu es  for  the nox'mocapnic c o n d itio n s  
show very  l i t t l e  change, and a l l  the p o in ts  would be c lu s te r e d  round 
th e  o r ig in  in  F igure 41 .
Table 32
V a r ia tio n  from C ontrol o f Mean R eaction  Time and Mean Number o f  Errors in  
Washout C o n d itio n s. An In crease  i s  rep resen ted  by (+ ) , a D ecrease by ( - )  
and No Change by (0 ) .
the group as a whole was, s ta t is t ic a l ly ,  not affected.
Subj e c t R eaction  Time Errors
20 L/min 30 L/min 20 L/min 30 L/min
Control
to
Washout
Washout
to
Recovery
C ontrol ■ 
to  
Washout
Washout
to
Recovery
C ontrol
to
Washout
Washout
to
Recovery
C ontrol
to
Washout
Washout
to
Recovery
1 - + - + + - + -
2 - + 0 + + - - -
3 + + *4 + - - -
4 4- 0 4- 0 - + -
5 4* + 4* + 4 4 + ~
F i r s t l y ,  a l l  but 4 o f th e  20 p o in ts  on F igure 41 are on or above the  
X a x i s .  Thus in  most c a se s  the r e a c t io n  time i s  g r ea ter  than c o n tr o l
l e v e l s .  There are 2 in te r r e la t e d  mechanisms in v o lv e d  in  the r e la t io n s h ip
between r e a c t io n  tim e and the number of e r r o r s . At 20 L/m in, hypocapnia 
caused a f a l l  in  r e a c t io n  tim e and an in c re a se  in  erro rs  in  2 su b je c ts  
and an in c r e a se  in  r e a c t io n  tim e and a f a l l  in  the number o f  errors in  
one s u b je c t . At 30 L/m in, hypocapnia causes a f a l l  in  r e a c t io n  tim e
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and an in c re a se  in  erro rs  in  one su b je c t  and an in c r e a se  in  both r e a c t io n  
tim es and erro rs  in  3 s u b je c t s .  Going from hypocapnia to  recovery  
causes a r i s e  in  r e a c t io n  tim e and a f a l l  in  erro rs  in  most s u b je c t s .
The normal mechanism i s  an in v e r se  r e la t io n s h ip  between the tim e taken to  
respond and the number o f e r r o r s , and th is  has been dem onstrated h ere . 
The 30 L/min hypocapnic h y p e r v e n t ila t io n , where hypocapnia has caused an 
in c r e a se  in  both r e a c t io n  tim e and erro rs  in  3 s u s c e p t ib le  s u b je c t s ,  has 
th e r e fo r e  a lte r e d  t h is  mechanism.
CONCLUSIONS
Not a l l  su b je c ts  show a perform ance decrement when exposed to  the  
l e v e l s  o f hypocapnia reached in  t h is  experim ent. In s u s c e p t ib le  s u b je c t s ,  
the decrement (an in c r e a se  in  r e a c t io n  tim e and the number o f erro rs)  
appeared a t  a Pg^C02 o f  approxim ately  20 mm Hg. However, i t  i s  emphasized  
th a t  o v e r a l l ,  th ere  was no_ s ig n if ic a n t  perform ance decrem ent w ith  
hypocapnia. Furthermore i t  should be noted th a t the ta sk  used was 
p ercep tu a l and i n t e l l e c t u a l  in  nature ra th er  than m otor, • These p o in ts  
are fu r th e r  d isc u sse d  in  Chapter 9 .
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CHAPTER 9
THE EFFECTS OF HYPERVENTILATION ON PSYCHOMOTOR PERFORMANCE -  II
INTRODUCTION
As has been seen  in  Chapter 2 , r e la t iv e ly  few authors have s tu d ied
the e f f e c t s  of hypocapnia on p ercep tu a l motor perform ance in  a c o n tr o lle d
manner. Scow e t  a l  (1950) r e s t r ic t e d  the l e v e l  to  which P.CO could
A  Z
f a l l  by a llo w in g  h is  su b je c ts  to  r e s t  fo r  2 min each tim e they  developed  
carpopedal spasm. Of the 3 t e s t s  showing p o s i t iv e  r e s u l t s ,  Rahn e t  a l  
(1946) used 2 t e s t s  th a t would have been very s u s c e p t ib le  to  carp al spasm. 
Thus th e ir  r e s u lt  o f  no decrem ent appearing a t  P^CO  ^ le v e l s  above 25 mm Hg 
w ith  in c r e a s in g  decrem ents below t h is  v a lu e  could  be ex p la in ed  by the e f f e c t s  
of carp a l spasm in s te a d  o f by the e f f e c t s  o f changes in  c e re b r a l fu n c tio n .
Denison e t  a l  (1976b) ca r r ie d  out work on the e f f e c t s  o f  hypocapnia  
on psychomotor perform ance in  the p resen ce o f d i f f e r in g  l e v e l s  o f P .09 .
A Z
Other work, fo r  example th a t  o f Stoddart (1965) and th a t rep orted  in  
Chapter 8 ,  s tu d ied  psychomotor perform ance in  the unsteady s t a t e  -  i . e .  
w h ile  CO^  was s t i l l  b e in g  washed out o f the body. In Chapter 8 i t  was 
seen  th a t su b je c ts  v a r ie d  markedly in  th e ir  resp onse to  one psychomotor 
ta sk  during h y p e r v e n t ila t io n . I t  was a ls o  d i f f i c u l t  to  e s ta b l is h  th a t  
a decrem ent a c tu a lly  e x is t e d  in  the performance o f the manikin ta sk  a t  
very  low le v e l s  o f
L i  2
For th e se  r e a so n s , i t  was d ecid ed  to  study the e f f e c t s  o f stead y  
s t a t e  hypocapnia on th e  perform ance o f s e v e r a l d i f f e r e n t  psychomotor ta sk s  
(ranging from m ainly motor to  m ainly c o g n it iv e  in  ty p e , and in c lu d in g  a 
v e r s io n  of the m anikin ta sk ) on a la rg e r  number of s u b je c t s ,
  %
METHODS
A schem atic diagram o f the experim en tal layou t i s  shown in  F igure 42 
and the experim en tal d e s ig n  i s  shown in  F igure 43 . S u b jects  performed 
the fo llo w in g  5 psychomotor ta sk s;.
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1 . A d ig it reca ll task.
2 . A manikin t a s k .
3 . A ro ta ry  p u r su it  ta sk .
4 . A v erb a l tran sform ation  ta sk .
5 . A f in e  m an ip u la tive  ta sk .
S u b jects  were exposed to 4 tr a in in g  s e s s io n s  on ta sk s 2 , 3 and 4 . They 
were a ls o  expbsed to  one fu r th e r  tr a in in g  s e s s io n  on each ta sk  combined 
w ith  ex p er ien ce  o f  normocapnic h y p e r v e n t ila t io n  a t  20 b rea th s/m in  and 
20 L/m in. In each experim en ta l run,, each ta sk  was performed 3 tim es  
as fo llo w s :
1, A fr e e -b r e a th in g  c o n tr o l period  (C o n tr o l) .
2 , A normo- or hypo-capnic f i r s t  p eriod  (TI) which ca rr ied
d ir e c t ly  on to
3 , a normo- or hypo-capnic second period  (T 2 ),
The d e t a i l s  o f the ta sk s  undertaken are as fo llo w s ,
D ig it  R e c a ll T ask. In a 5 min p e r io d , the su b je c t  was read 120 numbers 
in  b atch es o f between 6 and 10 a t  a tim e, a t  a speed o f 2 numbers a second . 
Each l i s t  was prerecorded and rep layed  on a tape reco rd er , the output o f  
which was fed  to  one o f the s u b je c t 's  earphones. Im m ediately each
batch  o f 6 -  10 numbers was f in i s h e d ,  the su b je c t  was to ld  to r e c a l l  the
numbers; to  do t h i s ,  he punched the numbers on a keyboard on which the  
bu tton s were separated  by 75 mm, The output o f the keyboard was fed  to  
a p r in te r ,  The l i s t s  were o f  balanced numbers, and each 5 min period  
had 15" l i s t s  o f 3. each o f 6 , 7,. 8 , 9 and 10 d i g i t s  in  len g th  randomly 
p la c ed . Each su b je c t  was exposed to  any p a r t ic u la r  l i s t  on on ly  one 
o c c a s io n , Marking o f  the p r in to u t  was a r b i t r a r i ly  a p p lied  as fo llo w s ;
1 , One mark was g iv en  fo r  each c o r r e c t  d ig i t  in  the c o r r e c t  p la c e ,
2 , One mark was su b tra cted  fo r  each e x tr a  d i g i t  on the end or a t
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th e  beg in n in g  o f  an o th erw ise  c o r r e c t  and com plete run ( i . e .  i f  a 
6 d i g i t  cue e l i c i t e d  a 7 d i g i t  answer o f which the f i r s t  or l a s t  6 
were c o r r e c t , the su b je c t  scored  5 ) .
3 . T ra n sp o sitio n s  o f 2 d ig i t s  were g iven  one p o in t;  tr a n sp o s it io n s
o f 3 d ig i t s  were g iv en  2 p o in t s .
4 . Anything e l s e  scored  no p o in t s .
The s u b je c t ’ s sco res  fo r  each batch  of numbers was then t o t a l le d ;  the  
maximum score  was th e r e fo r e  1 2 0 ,
The Manikin Task. This task  was very  s im ila r  to the one d escrib ed  in
Chapter 8 . In t h is  ca se  the m anikin ta sk  was in  b lack  and w h ite ,
generated  by m agnetic tape and d isp la y ed  on a t e l e v i s i o n  sc re e n . The 
answers were s to red  on m agnetic tape fo r  fu r th er  a n a ly s is .  The su b je c t  
had to  d ec id e  in  which hand the manikin d isp la y ed  the symbol which was 
shown on the bottom  o f  th e  t e l e v i s io n  screen . The su b je c t  in d ica te d  h is  
answer by p r e ss in g  e ith e r  the l e f t  or r ig h t  button  on a c o n tr o l box in  fro n t  
o f him. The 16 m anikin p o s s i b i l i t i e s  are shown in  F igure 44. A 
m anikin was p resen ted  each 6s and remained on view  fo r  3 s , Each exposure  
to  the ta sk  la s te d  3 min, S u b jects  were exposed to  a d if f e r e n t  order  
'o f  m anikins on each o c c a sio n  during a run, excep t during tr a in in g .
The Rotary P u rsu it  Task, The su b je c t  was req u ired  to  keep the 1 ,5  mm 
diam eter t ip  o f a m etal p o in ter  on a 1 2 , 7  mm diam eter m etal c o n ta ct area  
near the p erip hery  o f a 254 mm diam eter b a k e lit e  d is c  r o ta t in g  a t  20 rpm.
The m etal p o in ter  c o n s is te d  o f  a p l a s t i c  h an d le , a guard a t  the end o f the  
h an d le , w ith  a j o in t  th a t a llow ed  fr e e  movement in  the v e r t i c a l  p lane on ly  
between the handle and the m etal p o in te r . The p o in te r  sh a ft  was 100 mm 
long  beyond the handle and term inated  in  a 25 mm s e c t io n  a t  r ig h t  an g les  
to  the s h a f t .  The apparatus (manufactured by Lloyd Instrum ents) i s  
shown in  F igure 45 on page 158. Each 0 ,1 s  o f e l e c t r i c a l  c o n ta c t  in  
every  1 0 s period  was summed, and the in form ation  was d isp la y ed  on a 
p r in te r , Each t e s t  p er iod  la s te d  3 min,
' The Verbal Transform ation Task, This ta sk  was a d ed u ctive  e x e r c is e .  I t
»t - N — ■ —    "  *■ - —   — 1  I “V -
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Figure 44 , The 16 P o s s ib le  Monochrome M anikins,
Figure 45. The Rotary Pursuit Task.
was aga in  generated  by preprogrammed m agnetic tape and d isp la y ed  on 
a t e l e v i s io n  sc re e n . A statem ent was shown to g eth er  w ith  a cue which 
the su b je c t  had to  d ecid e  was e ith e r  true or f a l s e .  The 32 p o s s i b i l i t i e s  
are shown in  Table 33.
Table 33
The V erbal Transform ation Task P o s s i b i l i t i e s
Statem ent P o ss ib le  Cues
1 2
A precedes B AB BA
B precedes A AB BA
A does not precede B AB BA
B does not precede A AB BA
A fo llo w s  B AB BA
B fo llo w s  A AB BA
A does not fo llo w  B AB BA
B does n ot fo llo w  A AB BA
A i s  preceded by B AB BA
B i s  preceded by A AB BA
A i s  not preceded by B AB BA
B i s  not preceded by A AB BA
A i s  fo llow ed  by B AB BA
B i s  fo llow ed  by A AB BA
A i s  not fo llo w ed  by B AB BA
B i s  not fo llow ed  by A AB BA
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The su b je c ts  used the same answer buttons as for  the m anikin ta sk , but 
in  t h is  c a s e ,  the l e f t  bu tton  s ig n i f ie d  "FALSE" and the r ig h t  hand 
bu tton  s ig n if ie d  "TRUE". A sta tem ent was d isp la y e d  once every 9s for  
a period  o f  6s a t  a tim e. Each performance o f the ta sk  la s te d  3 min.
The Purdue Pegboard Task. This ta sk  was one o f m an ip u lative  d e x te r ity
and i t  i s  shown in  F igure 46.
F igure 46. The Purdue Pegboard.
This ta sk  was performed l a s t  in  each run o f 5 task s because i t  was the  
only  ta sk  th a t was su b je c t-p a c e d . S u b jects had to  b u ild  20 a ssem b lies  
on the pegboard as r a p id ly  as p o s s ib le  u sin g  both hands. Each assem bly  
had to  be com pleted b efo re  the n ex t one was s ta r te d . The time taken to
b u ild  each 5 a ssem b lie s  was timed w ith  a stopw atch . Each assem bly was
composed o f a p eg , 2 washers and a p l a s t i c  c o l la r .  The su b je c t  was 
in s tr u c te d  to  p ick  up the peg w ith  h is  r ig h t  hand and to  in s e r t  i t  in to  
the h o le  fa r th e s t  away from him. While doing t h is  he was to  p ick  up 
a washer w ith  h is  l e f t  hand and p la c e  i t  over the peg; a t the same tim e, 
w ith  h is  r ig h t  hand, he was to  p ick  up a p la s t i c  c o l la r  and drop i t  over  
the peg on top o f the washer; w h ile  doing t h i s ,  he was to  p ick  up another  
washer w ith  h is  l e f t  hand and p la c e  i t  over the peg on top o f the c o l la r
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to  com plete the assem bly . S u c c e ssiv e  a ssem b lies  were b u i l t  in  s in g le  
f i l e  towards the su b je c t  as shown in  F igure 46.
The h y p e r v e n t ila t io n  r ig  was the one d escrib ed  in  Chapter 5 w ith  
th e  p art used for  reb rea th in g  removed (F igure 9 on page 7 4 ). S u b jects
s a t  in  a m odified  d e n ta l c h a ir . Each su b je c t  wore an a p p ro p r ia te ly  
s iz e d  c lo th  helm et to  which was a ttach ed  a standard RAF oxygen mask.
The in s p ir a to r y  hose o f the mask was a ttach ed  to  the h y p e r v e n t ila t io n  
r ig .  Gas flow  was ad ju sted  by a reducing v a lv e  u n t i l  the req u ired  V 
was shown on a ro tam eter . Su b jects breathed a t  20 b reath s/m in ; the  
in sp ir a to r y  s ig n a l  was a b leep  heard in  one earphone o f  the c lo th  h elm et.
At each b le e p , the su b je c t  had to  in s p ir e  u n t i l  the r e se r v o ir  bag was 
empty. The probe o f a C entron ics r e sp ir a to r y  mass spectrom eter was 
a ttach ed  to  a p ort in  the oxygen mask. The CO^  channel output o f t h is  
mass spectrom eter was d isp la y ed  by the pen o f a d ir e c t -w r it in g ,  h o t - s t y lu s ,  
pen reco rd er , . The mass spectrom eter was c a lib r a te d  u s in g  gas m ix tu res, 
p r e v io u s ly  analysed  by Lloyd-Haldane apparatus, which spanned the expected  
range o f PETC02 .
The su b je c t  a rr iv ed  in  the la b o ra to ry , donned helm et and mask, and 
s a t  down but was n ot connected  to  the h y p e r v e n t ila t io n  c i r c u i t .  He then  
performed ta sk s 1 to  5 in  th a t o rd er , w ithout r e sp ir a to r y  c o n tr o l ,  b e in g  
s w iv e lle d  in  h is  ch a ir  to  fa ce  the ap propriate  ta sk , A r e s t  o f  one 
m inute between each ta sk  was observed .
At the end o f th is  f i r s t  c o n tr o l p e r io d , h y p e r v e n t ila t io n  s ta r te d .
The su b je c t  was connected to the h y p e r v e n t ila t io n  c ir c u i t  and the b le e p e r /
metronome s ta r te d . S u b jects  h y p e r v e n tila te d  a t 40 L/min fo r  10 min;
when th e ir  P CO. had reached the req u ired  l e v e l  ( e i t h e r  3 8 ,5 , 2 5 .0  or 
E l  Z
1 5 ,0  mm Hg) , CO,, was added to  the in s p ir a te  to  m ainta in  the P^CO,, a t  
Z f E 1 Z
th a t l e v e l ,  At the end o f 10 m in, the V was cu t to  20 L/min for  the
1 «
remainder o f  the experim en t. The i n i t i a l  o f 40 L/min for  10 min was 
undertaken fo r  the 2 fo llo w in g  reason s:
1, To a ch iev e  eq u ilib r iu m  q u ick ly  in  the w orst ca se  “ 15 mm Hg)
2 , To confuse the su b je c t  about which PgTC02 he was b ein g  exposed t o .
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The Vj. was then cut to  20 L/min because t h is  was a r e la t iv e l y  easy  l e v e l  
of h y p e r v e n t ila t io n  to  m ain ta in  fo r  a long tim e.
When the P„_,C0o had been s ta b le  fo r  2 min a t  the lower l e v e l  o f  VT, b i z l
the experim ent was a llow ed  to  s t a r t  a g a in . Each su b je c t  performed ta sk s  
1 to  5 aga in  w ith  a one m inute r e s t  between each as b e fo r e . At the end 
of ta sk  5 , the mass spectrom eter was f u l l y  c a lib r a te d  so th a t th ere  was 
a 3 min pause b efo re  the experim ent recommenced. The 5 task s were then  
performed again  in  the same order.
D e ta i ls  o f each s u b j e c t ’s exposure to  the 3 c o n d itio n s  (designed  
in  a L a tin  square) are shown in  Table 34.
Table 34
Order o f S u b je c ts ’ Exposures to  Hypocapnia, Where A, B and C are Runs a t  
P^CO^ V alues o f 3 8 .5 ,  2 5 .0  and 1 5 .0  R e s p e c t iv e ly .
S u b ject Number Run 1 Run 2 Run 3
1 A C B
2 C B A
3 B A C
4 B C A
5 A B C
6 C A B
7 B A C
8 C B A
9 A C B
D e ta ils  o f th e  9 su b je c ts  used are shown in  Table 35,
Table 35 
D e ta ils  o f  Su b jects
.S ub ject .Number i n i t i a l s Age (yrs) H eight (c m ). Weight (kg)
1 DM 22 187 9 2 .3
2 TN 22 183 76 .4
3 DMcM 20 178 62 ,5
4 CJ 2 1 184 68 ,5
5 DB 22 178 6 7 ,3
6 PR 26 178 75,5
7 JR 25 178 75,5
8 RJ 25 175 89 ,0
................ 9 PL 22 . 177 68,0
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RESULTS
The mean breath  by b reath  P^CO^ fo r  each su b je c t  during each ta sk  
was c a lc u la te d  from the t r a c e s .  The means o f th e se  v a lu e s  are shown 
in  Table 36.
Table 36
Mean V alues During the Experiment (n=90)
Measure Nominal PE ,^C02 S e t t in g s  (mm Hg)
38 .5 2 5 .0 1 5 .0
Measured P C0o 
t i  i  Z
. . mm Hg 38 .6 25 .1 15 .6
SD 0 .9 1 . 0 1 . 0
In a l l  the fo llo w in g  Tables and F ig u r e s , the 3 phases o f  each experim en ta l 
run are denoted by "C ontrol", "TI" and "T2".
The r e s u lt s  from the d i g i t  r e c a l l  ta sk  are shown in  Table 37 and the  
mean v a lu es  are shown in  F igure 47.
Table 37
The E f fe c t s  o f Graded Hypocapnia on D ig it  R e c a ll
Sub­
j e c t
Number o f  C orrect Answers (Max=i20)
Nominal PETC°2
38 .5 25 .0 15 ,0
C ontrol TI T2 C ontrol TI T2 C ontrol TI T2
1 83 80 69 85 103 93 96 57 75
2 76 75 80 79 81 74 81 72 53
3 78 74 64 79 83 67 84 61 70
4 93 90 75 87 91 70 84 76 75
5 85 81 74 93 88 70 95 49 54
6 100 93 99 92 90 93 88 78 79
7 78 66 75 68 61 76 75 47 52
8 89 86 78 76 79 79 85 74 73
9 1 0 1 1 1 1 102 105 107 103 103 85 81
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PE T  C O 2 
o 3 8 - 5  m m H g  
a  2 5 - 0  m m H g  
© 1 5 - 0  m m H g
TI T2
5 0
4 0
Con tro l
Figure 47. The E f fe c t  o f  Graded Hypocapnia on D ig it  R e c a ll (Maximum
Score = 1 2 0 ). There i s  a s ig n i f ic a n t  decrement in  perform ance 
a t  TI and T2 at a PgrjCO  ^ o f 15 mm Hg (P < 0 .001 ) .
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A n a ly s is  o f var ia n ce  showed th a t th ere  were no s ig n i f ic a n t  d if fe r e n c e s
between d i g i t  r e c a l l  in  the c o n tr o l s t a t e s .  There were no d if fe r e n c e s
between d ig i t  r e c a l l  during the 3 ta sk  p er iod s (C on tro l, TI and T2) a t
P CO v a lu e s  o f 38 .5  and 2 5 ,0  mm Hg. A very h ig h ly  s ig n i f ic a n t  
E l  Z
decrement (P < 0 .0 0 1 ) was found between the c o n tr o l and hypocapnic phases
(C ontrol and T I , C ontrol and T2) a t a P C0„ o f 15 mm Hg. There was no
E l Z
s ig n i f ic a n t  change in  perform ance w ith  time a t  a Pg^CO  ^ of 1 5 .0  mm Hg.
The r e s u lt s  from th e manikin ta sk  are shown in  T ables 38 and 39 and 
the mean v a lu e s  o f  th e  r e a c t io n  tim es are shown in  F igure 48.
Table 38
The E f fe c t s  o f Graded Hypocapnia on R eaction  Times to  the Manikin Task
Sub- R eaction  Time (se conds) .
j s e t
Nominal PETC° 2
.................. 3 8 .5 2 5 .0 15 .0
C ontrol TI . T2 C ontrol TI T2 C ontrol TI T2
1 0 ,7 3 0 ,8 4 1 .15 1 ,29 2 .29 0 .9 0 1 . 0 1 1 .62 1 .48
2 1 ,27 1 ,26 1 ,34 1,85 1 .64 1.35 1 .51 0 .9 3 0 .8 9
3 1 .33 1 .17  . 1 .28 1 .4 3 1 .30 1 .53 1 .33 1.35 1 .27
4 0 .9 0 0 .8 9 0 ,89 1 .34 1 , 2 2 1.05 1 . 0 2 0 .98 1 . 0 0
5 1,18 1 .27 1 .13 1 .18 0.88 1 .2 8 1.06 1 ,23 1 .09
6 1 . 1 2 1 . 1 0 1 . 1 0 1 .04 1 . 0 1 0 .9 4 1 .26 0 .9 6 1 . 0 1
7 1 ,07 1 . 1 1 1 .06 1 ,37 1.25 1 .6 0 1,15 1 .44 1 .43
8 1 .51 1 .23 1 ,09 1 .40 1 .26 1 .31 1 .44 1 .61 1 .63
9 ......... 1 .32  . 1 .28 1 ,5 4  . . 1 .32 1 . 2 1 1 , 1 2 1.17 1 .30 1 .77
A n a ly s is  o f  var ia n ce  f a i l e d  to  dem onstrate any s ig n i f ic a n t  d if fe r e n c e  in  
r e a c t io n  tim es w ith  e ith e r  hypocapnia or tim e. The erro rs  made during  
th e  m anikin ta sk  are shown in  Table 39. I t  can be seen  th a t 2 su b je c ts  
co n tr ib u ted  most o f  the e r r o r s . Further a n a ly s is  o f  the erro rs  (non- 
param etric a n a ly s is )  r ev ea led  no s ig n i f ic a n t  trend w ith  e ith e r  hypocapnia  
or tim e,
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Table 39
Number o f Errors Made in  the Manikin Task During Graded Hypocapnia
Sub­
j e c t
Number o f Errors
Nominal PETC°2
38 .5 2 5 .0 15 .0
Control TI T2 C ontrol TI T2 C ontrol TI T2
1 3 1 18 12 12 12 7 10 4
2 1 2 1 0 17 18 4 14 18
3 4 3 2 3 8 2 2 3 4
4 1  V 2 0 1 1 0 1 0 1
5 2 3 1 0 2 0 0 3 1
6 0 0 0 0 0 0 0 1 0
7 0 0 0 0 1 0 1 2 0
8 0 1 1 0 0 0 0 2 0
9 0 1 0 3 3 1 2 1 1
The r e s u lt s  from the r o ta ry  p u r su it  ta sk  are shown in  Table 40 and 
the mean v a lu es  are shown in  F igure 49,
Table 40
Rotary P u rsu it  Task -  Mean Time on Target fo r  Each 10 Second Period  
During Graded Hypocapnia
Sub^ Mean Time on Target (s)
j e c t
Nominal RnmC0oET 2
38.5 2 5 ,0 1 5 .0
C ontrol TI . . T2 . C ontrol TI T2 C ontrol TI T2
1 3 ,8 3 ,6 2 ,3 5 .6 5 .4 6 . 2 2 .4 1 .4 1 .9
2 2 , 8 3 ,0 2.6 3 .9 3 .0 3 .8 3 .2 2. 6 3 .3
3 5 ,5 5 .7 5 .3 7 ,9 6 .5 7 .0 6 .5 4 .5 5 .3
4 5 .6 5 .4 5 .4 6 , 1 6.0 6 , 2 5 ,4 4 .3 3 .5
5 5 ,9 6.0 6.6 6 .3 5 .3 5 ,4 6 . 1 3 .8 3 .4
6 3 ,4 3 .8 3 ,8 - - 4 .1 2 .9 3 .0
7 6,0 5 ,6 5 .4 6 ,4 5 .9 6 . 1 6 ,4 3 .5 3 .1
8 6 ,3 6 , 1 6 , 2 5 .7 5 .4 6 .3 5 .2 2 .4 1 . 1
. 9 . . 3 ,3  . 3 ,4 3 ,6 4 ,0 3 .7 4 ,1 3 .9 1 . 6 2 .7
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F igure 49
I
Control
The E f fe c t  o f  Graded Hypocapnia on the Time Spent on Target 
in  each P eriod  o f  10 Seconds During The Rotary P u rsu it  Task, 
There i s  a s ig n i f ic a n t  decrement in  perform ance a t  TI and T2 
a t a Pg^C02 o f  15 mm Hg (P < 0 .0 0 1 ) .  There were no o th er  
s ig n if ic a n t  d if f e r e n c e s ,
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A n a ly s is  o f v a r ia n ce  showed th a t  th ere  were no s ig n i f ic a n t  d if fe r e n c e s
in  perform ance between the 3 task  p er iod s (C on tro l, T I, T2) a t  P„rr,C0oEl Z
v a lu e s  o f 38 .5  and 2 5 .0  mm Hg, A very  h ig h ly  s ig n i f ic a n t  decrem ent in  
perform ance o f the ta sk  (P < 0 ,0 0 1 ) was found between the c o n tr o l and 
hypocapnic phases (C ontrol and TI, C ontrol and T2) a t  a mm Hg.
There was no s ig n i f ic a n t  d if fe r e n c e  in  performance w ith  tim e a t  th a t l e v e l
° f  PETC°2 '
The r e s u lt s  from the v erb a l tran sform ation  ta sk  are shown in  T ables  
41 and 42, and th e  mean v a lu e s  are shown in  F igure 50 .
Table 41
The E ffe c t  o f Graded Hypocapnia on Response Time to  the Verbal 
T ransform ation Task
Sub­
j e c t
Response Time (seconds)
Nominal PETC02
.....................38 .5 2 5 .0 1 5 .0
C ontrol TI T2 C ontrol TI T2 C ontrol TI T2
1 1 ,71 1 .60 1 ,81 2 . 0 2 2 .59 2 .1 4 1.87 1 .8 8 2 .3 7
2 2 ,50 2 , 2 0 2 .3 7 2 .45 2 .46 2 .45 1.65 1 . 1 0 1.26
3 1,95 2.86 2 .95 2.00 1.99 2 .19 2 .46 2 .3 3 2 .5 9
4 1 .60 1 .6 6 1.61 2 .05 2 . 0 2 2 .19 1 .9 0 1 .86 1 .78
5 2 ,5 1 2 .6 3 2 ,36 2 ,7 7 2 .27 1 .93 2,79 2 ,7 1 2 .3 4
6 2 ,6 0 2 ,19 2 ,4 3 2 ,47 2 ,40 2 .16 2,86 2 .25 2 . 2 0
7 2 .95 3 .12 3 .39 3 .27 4.15 3 ,72 3 .12 3 .37 2 .8 1
8 2 ,7 3 2 .99 2 .8 0 2 .92 2 ,61 2 .8 4 2 .9 0 3.15 3 .43
9 2 ,2 4 2 .15 2 .25 2 . 0 1 1 ,6 6 1 .49 2 .19 2 ,2 4 2 .2 3
The errors made during the v erb a l tran sform ation  ta sk  are shown in  
Table 42, A n a ly s is  o f  va r ia n ce  f a i l e d  to  dem onstrate any s ig n if ic a n t  
decrem ent in  r e a c t io n  tim es w ith  hypocapnia or w ith  tim e. I t  can be 
seen  th a t the same 2 su b je c ts  as in  the m anikin ta sk  co n tr ib u ted  most 
o f the e r r o r s . However, fu r th er  non-param etric a n a ly s is  o f the errors  
f a i l e d  to  dem onstrate any s ig n i f ic a n t  trend . These 2 o ffe n d in g  su b je c ts  
would have been r e je c te d  by th e  c r i t e r i a  a p p lied  in  Chapter 8 ; however, 
in  t h is  case  a n a ly s is  o f a l l  the runs (in c lu d in g  the tr a in in g  s e s s io n s )  
was on ly  a v a ila b le  a t  the end o f the experim ent. A n a ly s is  o f the  
t r a in in g  s e s s io n  r e s u l t s  fo r  th e se  2 su b je c ts  r e v ea le d  th a t they would 
have s a t i s f i e d  the s e le c t io n  c r i t e r i a  anyway,
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F igure 5 0 . The E f f e c t  o f  Graded Hypocapnia on R eaction  Time to  the  
V erbal T ransform ation Task. There are no s ig n i f ic a n t  
ch an ges.
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Table 42
Errors Made in the Verbal Transformation Task During Graded Hypocapnia
Sub- Number o f Errors
j e c t
Nominal PETC°2
38 .5 2 5 .0 15 .0
Control TI T2 C ontrol TI T2 C ontrol TI T2
1 2 5 3 17 15 16 9 5 4
2 6 5 5 1 16 2 13 14 18
3 3 3 3 1 1 1 1 5 1
4 0 1 3 1 2 1 0 3 2
5 2 3 ■ 2 1 5 1 1 3 6
6 2 1 0 0 0 2 0 1 0
7 0 1 1 1 2 1 0 4 4
8 0 0 1 0 2 0 0 3 3
9 0 0 1 2 3 0 2 4 1
The r e s u l t s  from the Purdue pegboard ta sk  are shown in  Table 43 and 
the mean v a lu e s  are shown in  Figure- 51 ,
Table 43
Purdue Pegboard -  Time Taken to  B u ild  20 A ssem blies in  Graded Hypocapnia
Sub­ Time to B uild  20 A ssem b lies (s )
j e c t
................ Nominal I ETC02
38 ,5 2 5 .0 15 .0
C ontrol TI T2 C ontrol TI , T2 C ontrol TI T2
1 132 146 126 119 119 115 118 140 1 1 0
2 109 124 116 118 134 1 1 1 125 120 120
3 114 100 114 1 1 1 117 1 1 0 103 131 99
4 114 115 123 140 148 132 139 140 130
5 127 12 2 118 126 120 124 1 1 1 153 149
6 124 123 123 118 131 118 156 135 132
7 122 130 125 132 131 115 115 174 156
8 119 146 117 124 126 12 2 144 205 186
. .9 .127 135 . .141 126 124 109 120 149 137
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F igure 51 . The E f fe c t  o f  Graded Hypocapnia on the Time Taken to
B u ild  20 A ssem b lies on the Purdue Pegboard. There i s  a
s ig n i f ic a n t  decrement at TI (P < 0 .0 0 1 ) and at T2 (P < 0 .0 5 )
a t a Rgrp002 o f  15 mm Hg; th ere  was a s ig n if ic a n t  improvement
in  perform ance between TI and T2 (P < 0 .0 5 ) a t  a P C09
ill J. z
of 15 mm Hg.
m
A n a ly sis  o f  v a r ian ce  showed th a t th ere  were no s ig n i f ic a n t  d if fe r e n c e s  
between perform ance during th e  3 c o n tro l phases and between perform ance 
during the 3 ta sk  p er io d s a t  l e v e ls  o f 38 .5  and 2 5 .0  mm Hg.
There was, however, a very  h ig h ly  s ig n i f ic a n t  decrem ent in  performance 
(P < 0 .0 0 1 ) between the C ontrol and f i r s t  hypocapnic phase (TI) a t  a 
P^^CO  ^ o f 15 mm Hg. There was a s ig n i f ic a n t  improvement in  perform ance 
(P < 0 .0 5 )  w ith  tim e, i . e .  between phases TI and T2, although a t  T2 th ere  
was s t i l l  a s ig n i f ic a n t  decrement in  performance compared to  c o n tr o l (P < 0 .0 5 ).
A l l  su b je c ts  ex cep t one c o r r e c t ly  id e n t i f ie d  the run a t  a P C0„ of
ET Z
15 mm Hg. T his su b je c t  (number 3) reported  th a t h is  p a r a e s th e s ia e  and
spasm passed  o f f  very  r a p id ly  when he was c o n tr o lle d  a t  a P„_C0o o f  15 mm
E l  Z
Hg and he had th e re fo r e  assumed th a t i t  was one o f the o th er  c o n d it io n s .
The other 8 su b je c ts  exp er ien ced  marked carp al spasm. Two su b je c ts  a ls o  
exp erien ced  marked f a c i a l  and abdominal spasms and one su b je c t  f e l t  f a in t  
a t  the end o f  h is  run a t  a PETC02 o f 15 mm Hg. Seven o f  th e  9 su b je c ts  
were s u b je c t iv e ly  unable to  d is t in g u is h  between an hour o f normocapnic
h y p e r v e n t ila t io n  and an hour o f hypocapnic h y p e r v e n t ila t io n  a t  a P C0o
ET Z
o f  25 mm Hg,
DISCUSSION
The Psychomotor Tasks
The 5 psychomotor ta sk s  were s e le c te d  because they  spanned a range 
from m ainly motor w ith  l i t t l e  i n t e l l e c t u a l  input to  m ainly in t e l l e c t u a l  
w ith  l i t t l e  motor in p u t. An e s tim a te  o f the grading o f the ta sk s  i s  
g iven  in  Table 44.
' Table 44
S u b je c tiv e  Grading o f  the 5 Psychomotor Tasks
Task Component %
Motor . T ouch. I n t e l l e c t
D ig it  R e c a ll 50 0 50
Manikin 5 0 95
Rotary P u rsu it 95 0 5
V erbal Transform ation 5 0 95
Purdue Pegboard ........... 50 50 0
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The ta sk s chosen a lso  had the advantage th a t they cou ld  e a s i ly  be in te g r a te d  
fo r  use in  the same experim ent. F in a l ly  each ta sk  could  be equated  
approxim ately w ith  a s im ila r  ta sk  performed by a p i l o t  in  f l i g h t .
The d i g i t  r e c a l l  ta sk , v a r ia n ts  o f which are w id e ly  used in  p sychology  
(fo r  exam ple, Easterbroolc (1959); Baddeley e t  a l  (1 9 7 0 )) , was performed 
here as a sh ort term memory ta sk  (B addeley, 1966) w ith  a f a i r l y  la rg e  
motor component in  p r e s s in g  the answer b u tto n s . The ta sk  cou ld  be 
equated to  what cou ld  be requ ired  from a p i lo t  r e c e iv in g  a rad io  m essage  
such as the fo llo w in g :
"Echo 24 , squawk 3014, Change frequency to  463 decim al 9.
QFE i s  1013, su r fa ce  wind 045 a t  20 k n o ts . Turn 260 and descend
to  f l i g h t  l e v e l  25 ."
Up to  10 d ig i t s  were used; the number in  each batch  was randomly v a r ied  
so th a t no p a tte r n  could  be d iscern ed  by the s u b je c t , thus p reven tin g  a 
memory techn iqu e from b ein g  evo lved  to  answer the problem.
The m anikin ta sk  was used to try  to  ensure com p arab ility  o f the  
r e s u lt s  w ith  th ose  from Chapter 8 . The d e t a i l s  o f  the ta sk  were 
d iscu sse d  in  Chapter 8 , but the ta sk  i s  m ainly one o f  r e s o lv in g  an 
o r ie n ta t io n a l  c o n f l i c t .  The v is u a l  cues d if f e r e d  from th ose  used in  
Chapter 8 in  th a t shapes and n ot co lo u rs were used , and t h is  would be 
expected  to  g iv e  longer r e a c t io n  tim es. The D enison/B yford  techn ique  
fo r  a n a ly s in g  the m anikin ta sk  data was not a v a ila b le  during th is  
experim ent; because o f  equipment sh o r ta g e s , the data  had to be recorded  
on m agnetic tape th a t was in com p atib le  w ith  the computer th a t i s  programmed 
to  handle the data  in  the way d escrib ed  by D enison & Byford (1976 ).
Geblewiczowa (1969) s ta te d  th a t the ro tary  p u r su it  ta sk  o ffe r e d  
"the b e s t  op p ortu n ity  fo r  experim ents th a t are fr e e  o f i n t e l l e c t u a l  
p r o c e sse s" , The movement in v o lv ed  in  perform ing the ta sk  i s  o f the  
same order o f  magnitude as th a t needed to  f l y  a reason ab ly  resp o n siv e  
a ir c r a f t .
The v erb a l tran sform ation  ta sk  was chosen as a m ainly in t e l l e c t u a l  
ta sk , I t  was developed  by Baddeley (1968) and fu r th e r  in v e s t ig a te d
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by Folkard (1 9 7 5 ). Baddeley rep orted  th a t the v erb a l tran sform ation  
ta sk  was a "sim ple reason in g  t e s t  in v o lv in g  the understanding o f  sen ten ces  
o f v a r io u s  l e v e l s  o f s y n ta c t ic  com p lex ity" . He a ls o  rep orted  th a t  the  
assum ption th a t the ta sk  was concerned w ith  the "higher m ental p ro cesses"  
was supported by i t s  c o r r e la t io n  w ith  in t e l l ig e n c e  t e s t  s c o r e s .
Baddeley e t  a l  (1968) rep orted  th a t the t e s t  could  be g iv en  r e l ia b ly  on 
s u c c e s s iv e  d ays. Baddeley (1968) a ls o  reported  th a t the t e s t  had been  
used in  s t r e s s  s tu d ie s  on n itr o g e n  n a r c o s is ,  car d r iv in g  a b i l i t y  and n o is e .
The Purdue Pegboard t e s t  was d escrib ed  by T i f f in  and Asher (1948) 
and Bass & Stuclci (1 9 5 1 ). F leischm an & E ll is o n  (1962) concluded th a t  
b u ild in g  a ssem b lie s  w ith  both hands on the Purdue pegboard measured 
f in g e r  and manual d e x t e r i t y ,  but n ot w r is t / f in g e r  speed , speed o f  arm 
movement or aim. I t  was f e l t  th a t t h is  ta sk  would approxim ate to  some 
f in e  movements o f a p i l o t  in  f l i g h t ,  e .g .  changing rad io  freq u en cy .
R esp ira tory  C ontrol
The c o n tro l l e v e l  o f Pg^CO  ^ (3 8 .5  mm Hg) was chosen  fo r  the reason s  
d isc u sse d  in  Chapter 5 . The in term ed ia te  l e v e l  (25 mm Hg) was chosen  
fo r  the fo llo w in g  reason s;
1 , I t  was a l e v e l  a t which no carp al spasm was ex p ected .
2 , I t  was a l e v e l  a t  which oth er  workers had d isco v ered  no 
decrem ent in  psychom otor perform ance,
3 , I t  was the lo w est l e v e l  reached by a su b je c t  measured b efore  
im pact t e s t in g  (se e  Chapter 4 ) ,
The l e v e l  o f P CO. = 15 ,0  mm Hg was chosen because i t  was a l e v e l  a t  whichEl Z
p o s i t iv e  r e s u l t s  would be exp ected  w h ile  i t  was known th a t su b je c ts  would 
remain c o n sc io u s . In a d d it io n  i t  approximated to  the l e v e l  reached  
by su b je c ts  s tu d ie d  in  Chapter 8 ,
The P CO. was m aintained  by v e n t i la t in g  a t  20 L/min because i t  wasLI 2
an ea sy  l e v e l  to  keep up fo r  a lon g  tim e , but a ls o  because the s tu d ie s
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d escrib ed  in  Chapter 8 showed th a t ,  even in  su b je c ts  who v a r ie d  markedly
when hypocapnic, normocapnic h y p e r v e n t ila t io n  a t  t h is  l e v e l  d id  not i t s e l f
impose any p h y s io lo g ic a l  or psychomotor decrem ent. I t  can be seen  from
Table 36 th a t c o n tr o l o f  P_irrlC0o was very s a t is fa c t o r y  and th a t the
E l  L
techn iqu e used o f fe r s  an e a sy , con ven ien t and very  accu ra te  way o f  
c o n tr o l l in g  V^ CO during h y p e r v e n t ila t io n .
D isc u ss io n  o f  Psychomotor Task R esu lts
I t  can be seen  from F igu res 47 to  51 th a t normocapnic h y p e r v e n t ila t io n  
a t  20 L/min r e su lte d  in  no decrem ent in  performance in  the 5 ta sk s used .
I t  can a ls o  be seen  th a t th ere  were no s ig n if ic a n t  d if fe r e n c e s  between  
th e  perform ance o f  the 5 ta sk s a t  P^^CO  ^ v a lu es  o f 3 8 .5  and 2 5 .0  mm Hg.
T his i s  to  be expected  and confirm s r e s u lt s  o f o th er  s t u d ie s ,  e .g .  Rahn 
e t  a l  (1946) and Scow e t  a l  (1 9 5 0 ). I t  can a ls o  be se en , q u ite  
e x p e c te d ly , th a t the perform ance o f  task s w ith  a motor input ( d ig i t  r e c a l l ,  
ro ta ry  p u r su it  and Purdue pegboard) i s  markedly a f fe c te d  by hypocapnia  
a t  a P CO o f 1 5 .0  mm Hg. This would be exp ected  to  be the r e s u l t  o fJtil L
ca rp a l spasm and p a r a e s th e s ia e .
The r e s u l t s  from the m anikin ta sk  and the verb a l tran sform ation  
ta sk  show a d i f f e r e n t  e f f e c t ,  and are a t  v a r ian ce  w ith  the r e s u lt s  o f  
oth er  in v e s t ig a t o r s .  In t h is  experim en t, i t  can be seen  th a t even a t  
a PE ,^C02 o f  15 .0  mm Hg th ere  were no performance decrem ents in  the group 
as a whole in  the 2 p u re ly  i n t e l l e c t u a l  ta sk s . In Chapter 8 , the same 
r e s u lt  was se en , w ith  no s ig n i f ic a n t  change in  r e a c t io n  tim e to  the  
m anikin ta sk  during h y p e r v e n t ila t io n  a t  30 L/min w ith  the mean RETC° 2
f a l l i n g  to  as low as 1 5 ,3  mm Hg. This su g g e sts  th a t the perform ance
decrem ents measured by o th er  workers were more r e la te d  to  motor 
perform ance than to  o v e r a ll  c e re b r a l perform ance. The very  im portant 
im p lic a t io n  o f  t h is  i s  th a t  h y p e r v e n t ila t io n  in  the a ir  i s  n o t a menace 
because o f i t s  d ir e c t  impairment o f i n t e l l e c t u a l  p r o c e sse s  but because  
o f the e f f e c t  i t  has on the c ir c u la to r y  balance o f the body as ev idenced
by i t s  e f f e c t  on G to le r a n c e .
These r e s u l t s  cou ld  be ex p la in ed  by an exam ination  o f the b a s ic
p h y s io lo g y , a lth ou gh  i t  depends on which param eters the oxygen supply
to  the b ra in  i s  based , I t  i s  im p r a c tic a l to  su g g est th a t 0 2 supply
to  the b ra in  i s  based on P 0 o a lo n e . I t  has been su g g ested  ( e .g .a i
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E rn stin g , 1975) th a t  the o v e r a ll  c e re b r a l couId 6e r e la te d  to
c e re b r a l Purves (1 9 7 2 ), rev iew in g  the l i t e r a t u r e ,  quotes Thews
(1963) who su ggested  th a t  th ere  were the fo llo w in g  l e v e l s  o f cereb ra l
W
1 . Pv ° 2  = 3  ^ “ 33 nim e q u iv a le n t  to a lo w est Pt ° 2  ^  111111 
(Normal le v e l )  .
2 . f v92 “ 2 5 - 2 8  mm Hg, e q u iv a le n t to a lo w est P^T  ^ lTim
(R eaction  th resh o ld  l e v e l ) .
3 . f v°2  " ^  mm Hg, e q u iv a le n t to  a lo w est 4 mm Hg
(C r it ic a l  l e v e l ) .
4 . Fv 9 2 ~ ^  111111 e 9ul-va l en t to  a low est 9 (L eth al l e v e l )  .
Further work (Ldbbers, 1968) has su ggested  th a t c e re b r a l P^T  ^ can
much lower than th a t c a lc u la te d  by Thews, I t  i s  th e r e fo r e  p o s s ib le
th a t the c e re b r a l Pv ° 2  20 mm Hg, found by G o tts te in  e t  a l  (1970)
during h y p e r v e n t ila t io n  to a lo w est P C0o of 16 mm Hg does n ot rep resen ta z
the c r i t i c a l  l e v e l  o f c e re b r a l hypoxia h ith e r to  im agined. Using th e se
data and the data o f Kelman (1967) i t  i s  p o s s ib le  to  e s tim a te  a c ereb ra l
,P 0_ o f  25 mm Hg during hypocapnia o f P CO o f 15 mm Hg -  a v a lu e  which v z a z
would n ot n e c e s s a r i ly  g iv e  symptoms. I f  in s te a d , the volume o f oxygen
g iv en  up to  the b ra in  i s  c a lc u la te d , i t  i s  p o s s ib le  to  e s tim a te  th a t
the volume g iven  up to  the b ra in  per u n it  tim e a t  a P C09 o f  15 mm Hg i sa z
alm ost id e n t ic a l  to  th a t  when b rea th in g  norm ally a t an a l t i t u d e  of
10,000 f t .  From th e se  c a lc u la t io n s  th e r e fo r e , i t  i s  p o s s ib le  to  su g g est  
th a t the cere b r a l t i s s u e  P09 during h y p e r v e n t ila t io n  to  a P C09 o f 15 mm Hg
Z Ql Z
i s  comparable, to  th a t when b rea th in g  a ir  a t  an a l t i t u d e  o f 10,000  f t .
No in v e s t ig a to r  has shown psychom otor decrement o f an a lread y  learned  
task  a t  th a t l e v e l  o f m ild  hyp ox ia . In a d d it io n , i t  i s  u n lik e ly  th a t  
the e f f e c t s  o f hypocapnia on v i s io n  (se e  Chapter 2) p layed  any p art in  
th e  p roduction  o f th e se  r e s u l t s .  F i r s t l y ,  no ocu lar  spasm was seen  in  
s u b je c ts ;  seco n d ly , perform ance o f the manikin and v erb a l tran sform ation  
ta sk s was u n a ffe c te d .
The improvement o f  perform ance on the Purdue pegboard a t  continued
exposure to  a PwrrlC0o o f  15 mm Hg could  bear out th e  s u b je c t iv e  comments 
b l  z
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rep orted  in  Chapter 5 and o f su b je c t  3 in  th is  experim ent, a lthough  
the p h y s io lo g ic a l  mechanism fo r  the improvement in  the p a r a e s th e s ia e  
i s  u n c le a r . I t  i s  l ik e l y  th a t degradation  in  perform ance on the  
Purdue pegboard i s  more r e la te d  to  p a r a e s th e s ia e  than to  carp al spasm.
The ta sk  i s  m ostly  performed in  the p r e c is io n  grip  p o s i t io n  (N apier, 1956) 
and carp al spasm p la c es  the hand in  th a t p o s i t io n .  During hypocapnia, 
each ta sk  was performed on ly  tw ic e , and the pegboard ta sk  came a f te r  
n ea r ly  30 min o f hypocapnia. I t  would th e re fo r e  be o f  in t e r e s t  to  
perform  the Purdue ta sk  a t  d i f f e r e n t  tim es in to  hypocapnia to  study the  
tim e course o f the decrement in  performance to  t h is  ta sk . When the  
r e s u lt s  are converted  in to  the number o f a ssem b lies  b u i l t  in  one m inute, 
the c o n tro l sco res  in  t h is  experim ent compare very w e ll  (w ith in  0 .5 )  
w ith  the mean v a lu es  reported  fo r  c o l le g e  men by T i f f in  & Asher (1 9 4 8 ).
' CONCLUSIONS
I t  i s  concluded th a t ,  in  the 5 t e s t s  used in  t h is  experim ent, 
th ere  i s  ev id en ce  th a t the decrem ents in  psychomotor perform ance 
a t a PgTC02 o f  15 mm Hg are r e la te d  to motor decrement ra th er  than to  
in t e l l e c t u a l  decrem ent. I t  i s  su ggested  th a t motor decrement could  be 
th e  cause o f  the decrem ents found in  o th e r , e a r l i e r ,  s tu d ie s .  The 
im p lic a t io n , th e r e fo r e , i s  th a t h y p e r v e n t ila t io n  in  a v ia t io n  i s  im portant 
'b ecau se  o f the low ering  o f to le r a n c e s  i t  produces in  the ca rd io v a scu la r  
system  ra th er  than because o f any d ir e c t  impairment o f h igh er c ereb ra l  
p r o c e s s e s ,
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Of primary im portance i s  the o b ta in in g  o f i n - f l i g h t  data; 
f a c i l i t i e s  a lread y  e x i s t  a t  the RAF I n s t i t u t e  o f A v ia tio n  M edicine  
fo r  o b ta in in g  measurements o f  m inute volume, peak in s p ir a to r y  f lo w , 
r e sp ir a to r y  r a te  and environm ental fa c to r s  such as G^  in  the I n s t i t u t e ’ s 
own j e t  a i r c r a f t .  A m in ia tu r ized  i n - f l i g h t  C02 m eter i s  p r e s e n tly  
under developm ent, and i t s  use in  f l i g h t  w i l l  g r e a t ly  improve our 
understanding o f  v e n t i la t io n  in  f l i g h t .
In th e  meantime, the measurement o f Pg^CO  ^ can r e a d ily  be undertaken  
in  other r e a l i s t i c ,  but s im u la ted , f l i g h t  s i t u a t io n s .  The most 
r e a l i s t i c  would be on a f l i g h t  s im u la to r , but o th er  p o s s i b i l i t i e s  
e x i s t  such as in  the decom pression chamber b e fo re  rap id  decom pression , 
on the v ib r a to r  or on the e j e c t io n  s e a t  tr a in in g  r ig .
H y p e rv en tila tio n  cou ld  be combined w ith  other s t r e s s e s  found in  the
f l i g h t  environm ent to  study performance fu r th e r , fo r  in s ta n c e  w ith  h igh
G . - i n  v ib r a tio n  and in  c lim a t ic  extrem es. At the same tim e, the  z *
r e la t io n s h ip  o f perform ance decrem ents to  cere b r a l hypoxia should be 
fu r th e r  in v e s t ig a te d ;  i t  would a lso  be o f advantage to  f in d  out a t  
what l e v e l  o f Pg^CO  ^ th ere  i s  a decrement o f i n t e l l e c t u a l  perform ance.
I t  would a ls o  he o f  in t e r e s t  to  study la rg e  numbers o f  su b je c ts  
perform ing psychomotor ta sk s  during h y p e r v e n t ila t io n  to  see  i f  th ere  
are in d iv id u a ls  who are unduly s u s c e p t ib le  to  the e f f e c t s  o f hypocapnia, 
and to  se e  how th ese  p eop le  can be id e n t i f ie d .  This could have re lev a n ce  
in  the s e le c t io n  of can d id ates fo r  tr a in in g  as a ircrew .
The e f f e c t  o f h y p e r v e n t ila t io n  on the perform ance o f an a lread y  
learned  in t e l l e c t u a l  ta sk  has been s tu d ie d , D enison & Ledwith (1964) 
rep orted  th a t the lea r n in g  o f  a ta sk  was a f fe c te d  by the m ild hypoxia  
exp erien ced  a t  a sim u lated  a l t i t u d e  o f 8,000 f t  in  a decom pression  
chamber, I t  i s  p o s s ib le  th a t t h is  could  be the same l e v e l  o f  
c e re b r a l hypoxia exp er ien ced  during hypocapnia o f P^CO  ^ 15 to  20 
mm Hg, I t  would be o f in t e r e s t  to  know how the lea r n in g  o f an 
in t e l l e c t u a l  ta sk  i s  a f fe c te d  by d i f f e r e n t  l e v e l s  o f  hypocapnia.
SOME SUGGESTIONS FOR FUTURE WORK
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F in a l ly  i t  would be o f in t e r e s t  to  study the e f f e c t s  o f  
r e s is ta n c e  to b rea th in g  w ith  more modern equipment than has h ith e r to  been  
used . In a d d it io n , the e f f e c t s  o f v a lv es  o f d i f f e r e n t  c h a r a c te r is t ic s  
( e .g .  a v a lv e  w ith  a h igh  crack in g  p ressu re  and a f l a t  p r e s su r e /f lo w  
c h a r a c te r is t ic  compared to  a v a lv e  w ith  a low crack in g  p ressu re  and 
a r is in g  p r e s su r e /f lo w  c h a r a c te r is t ic )  on r e s p ir a t io n  should be 
s tu d ie d . The p o s s ib le  b e n e f it  i s  th a t i t  cou ld  a llo w  the r ed esig n  
o f  a v ia t o r s ’ masks and an e a s in g  o f to le r a n c e s  in  the b u ild in g  o f  
oxygen r e g u la to r s .
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